Surface acoustic wave based sensors for selective detection of low concentration elemental mercury vapour by Kabir, K
  
Surface Acoustic Wave Based Sensors for Selective Detection of Low Concentration 
Elemental Mercury Vapour 
 
 A thesis submitted in fulfilment of the requirements for the degree of Doctor of 
Philosophy 
 
 
K M Mohibul Kabir 
M.Sc., B.Sc. (Electrical & Electronic Engineering) 
 
 
 
 
School of Applied Sciences 
 College of Science Engineering and Health 
RMIT University 
 
March 2016 
 
 
  
 
 
Declaration 
 
I certify that except where due acknowledgement has been made, the work is that of the 
author alone; the work has not been submitted previously, in whole or in part, to qualify for 
any other academic award; the content of the thesis is the result of work which has been 
carried out since the official commencement date of the approved research program; any 
editorial work, paid or unpaid, carried out by a third party is acknowledged; and, ethics 
procedures and guidelines have been followed.  
K M Mohibul Kabir 
08/07/2016 
 
 
iii 
 
 
 
 
 
 
 
 
 
 
 
 
iv 
 
Acknowledgments 
First of all, I would like to express gratitude to my primary supervisor Dr Samuel Ippolito, 
who was a great teacher for me throughout my PhD. His learned insights and critical 
feedbacks on various aspects of my research undoubtedly helped me to improve a lot. I would 
also like to convey heartfelt thanks to my associate supervisor Dr Ylias Sabri, a great guide 
and friend. His support and encouragement inspired me to get the best out of my PhD project. 
I must mention my sincere acknowledgement to my mentor and associate supervisor Prof 
Suresh Bhargava for his invaluable support. His way of innovative thinking motivated me to 
think out of the box, which resulted in the success I achieved during my PhD. I also like to 
thank my supervisors for their valuable feedback, which has helped a lot to improve the 
quality of this thesis. 
 
I would like to acknowledge my colleagues from School of Science and School of 
Engineering; without whose contribution and support, this work would not have been 
successful. My special thanks to Dr Glenn Matthews and Mr Chirstopher Harrison for their 
inputs in amplifier design and fabrication, which was used in the final experimental setup. I 
would like to sincerely acknowledge Dr Ahmad Kandjani, Mr Bebeto Lay and Ms Victoria 
Coyle for their help with sample characterisation despite their heavy workload. I would also 
like to express my acknowledgement to Mr Paul Jones, Mr Yuxun Cao and Ms Chi-Ping Wu 
for providing me all the facilities in Microelectronic and Materials Technology Centre 
(MMTC) and for performing the e-beam evaporation and substrate dicing. I wish to convey 
my special thanks to Mr Philip Francis, Dr Matthew Field and all the duty staff of RMIT 
Microscopy and Microanalysis Facility (RMMF) for providing the facilities as well as to 
provide help whenever required.  
 
I also wish to thank all my colleagues and friends from the Centre for Advanced Materials 
and Industrial Chemistry (CAMIC) including Dr Lathe Jones, Dr James Tardio, Dr PR. 
Selvakannan, Dr Deepa Dumbre, Dr Sarvesh Soni, Dr Jampaiah Deshetti, Dr Sudarshan Putla, 
Mr Matthew Griffin, Ms Tibra Mozammel, Ms Katie Tur and Mr Brendan Hillary for their 
help and support. 
 
v 
 
Additionally, I would like express my sincere thanks to Dr Lisa Dias, Ms Piyumi 
Wickramaarachchi, Dr Emma Goethals, Dr Hailey Reynolds and Ms Jessica Richardson for 
all their administrative helps on countless occasions. My special thanks go to all the technical 
staff of School of Science, especially Mr Karl Lang, Ms Zahra Homan and Mr Howard 
Anderson for providing me with all the facilities and help in the laboratories whenever 
required. 
 
Finally, I would like to heart fully thank my parents; without whose support I could have not 
been able to reach to this point. Their affectionate love and invaluable support throughout my 
life was the main inspiration for everything I have achieved. I wish to thank my brothers, 
sisters and friends for their support and encouragement throughout my life. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vi 
 
 
 
 
 
 
 
 
 
 
This thesis is dedicated to my parents, 
Without their love and support I would not have achieved as much success. 
 
 
vii 
 
Abstract 
Due to their highly toxic nature, mercury (Hg) has lots of adverse effects on human health and 
the environment. It is of no surprise that Hg emissions are considered as a major global 
concern and governing bodies around the world are now introducing stringent rules in order to 
reduce emissions from major anthropogenic sources. Efficient detection of elemental mercury 
(Hg
0
) vapour is of particular interest as it represents 64-90% of total mercury emissions as 
well as being the main source of other, more toxic forms that end up in the environment and 
food chain. The detection of Hg
0 
is also the major step in evaluating the potency of any 
implemented mercury removal technology within an industrial process. In this context, the 
major aim of this PhD project was to develop and investigate surface acoustic wave (SAW) 
based Hg
0
 vapour sensors that can detect Hg
0
 vapour concentrations below 400 ppbv 
(~3.6 mg/m
3
) in the presence of co-existing  interfering gases (i.e. volatile organic 
compounds, humidity etc.) that are commonly found in many industrial environments and 
processes. 
In the journey to develop such sensor, a critical literature review revealed that there were 
several major research questions and hence knowledge gap that needed to be fulfilled prior to 
successfully developing low concentration SAW based Hg
0
 vapour sensors. Upon attempting 
to address these challenges, SAW devices with different structural designs and sensitive 
materials were investigated for selective Hg
0
 vapour sensing where either interdigitated 
transducers (IDTs) or a dedicated sensitive layer were employed as the sensing element. 
These sensing elements were based on thin films of gold (Au), silver (Ag) or Ni-Au alloy 
nanostructures thereby allowed to determine the effect of SAW design and material type on 
Hg
0
 vapour sensing performance. The developed SAW sensors were all tested toward 
different concentrations of Hg
0
 vapour (24 to 365 ppbv) at various operating temperatures, 
ranging from 35 to 105°C depending on the sensor design and material. The data from each 
developed sensor was analysed in order to study the effect of operating temperature on each 
sensor’s performance in terms of response magnitudes, limit of detection, recovery efficiency, 
response time, sorption/desorption rates, calibration curve trends, sensitivity and selectivity, 
which are all important when employing such devices in real-world industrial conditions. The 
interfering gas species selected for different selectivity tests were chosen to be ammonia, 
acetaldehyde, ethyl mercaptan, dimethyl disulphide, methyl ethyl ketone and humidity, which 
are known to be commonly available at industrial processes such as Alumina refinery and 
viii 
 
mining industries. To obtain an in-depth fundamental insight into the Hg
0
 sorption 
characteristics on the sensor sensitive layers, finite element method (FEM) simulations were 
employed, which confirmed some of the assumptions that were made from the experimental 
data regarding the sorption and diffusion behaviour of Hg
0
 atoms on sensing surface.  
Analysis of Hg
0
 vapour sensing data showed that the performance of the sensor depended 
heavily on the combination of structural design of the SAW device and the sensing materials 
employed. For instance, a lower LoD and higher Hg
0
 sorption capacity was achieved by 
employing Ag as opposed to Au as the IDT electrodes. When comparing two different SAW 
designs have the same sensing element, it was found that the IDT sensing element based 
design showed relatively lower LoD at low operating temperatures (i.e. 35°C) while the 
opposite trend was observed at higher operating temperature (i.e. 75°C). It was also found that 
the sensitivity of a SAW based Hg
0
 vapour sensor could be tailored by controlling the growth 
of Ni-Au alloy nanostructures on the SAW sensing surface, which can be done simply by 
changing the deposition parameters. The developed Ni-Au alloy based sensors showed faster 
response time than the Au-electrode based sensor while showing a lower LoD at elevated 
operating temperatures. Overall, the potential of SAW devices as selective Hg
0
 vapour sensor 
was extensively tested and devices’ feasibility for industrial application was analysed in 
detail.  
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 Chapter 1 
 
Chapter I:  ntroduction 
 
 
 
 
 
In this chapter the motivation and objectives of the research activities performed in this 
PhD program are outlined. The outcome of the research and author’s achievements, as well 
as thesis organisation is presented. 
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1.1 Motivation 
Detection of toxic metal species at anthropogenic emission sites is highly important from 
environmental safety and human health perspectives [1-4]. Mercury (Hg) bio-accumulates in 
the food chain and is infamous for its high toxicity and ability to cause a range of illnesses 
including damage of major organs such as the brain and lungs [5-11]. Therefore, it is of no 
surprise that anthropogenic Hg emission is becoming a major global concern. An evidence of 
this is the commitment of 128 countries’ government delegates signing the first global treaty 
(UNEP - Minamata Convention) on mercury reduction in 2013, which outlines ambitious Hg 
emission reduction targets to tackle the issues at a global level [12, 13]. The treaty is designed 
to make countries adopt more strict regulations with regards to reducing their anthropogenic 
Hg emissions major sources (i.e. coal-fired power plants, gold mining, cement manufacturing 
etc.). Studies have shown that approximately 66 to 94% of the Hg emitted into the 
atmosphere is in gaseous elemental (Hg
0
) form [14, 15]. Therefore, it is essential to detect 
Hg
0
 vapour as it is one of the major steps to evaluate the efficiency of implemented Hg
0
 
removal technologies within the industrial process, which are known to be major Hg
0
 vapour 
emitter (i.e. Alumina refineries, mining, mineral processing industries etc.) [16-18].  
 
Most technologies which are currently being used for mercury detection within the industrial 
processes are based on spectroscopic methods such as photometry, fluorescence or mass 
spectroscopy [15, 19-21]. Some of these methods, such as atomic fluorescence spectrometry 
(AFS) and atomic absorption spectroscopy (AAS) are highly sensitive and suitable for 
detecting Hg
0
 vapour concentrations in low ppbv range [22-24]. However, there are some 
major disadvantages that are associated with these technologies when they are employed 
outside a scientific laboratory. The spectroscopic based instruments are expensive, complex 
and delicate while skilled technicians are generally required to oversee their operation.  These 
techniques also have the tendency to suffer from cross-sensitivity issues when interfering 
compounds are present in the effluent stream. Although there are various sample pre-
treatment steps that can be employed to overcome the latter issue (i.e. cold vapour (CV) or 
gold trap), they do require additional attachments and the added complexity to the instrument 
making them more bulky, expensive and evermore challenging to be employed as online 
sensors for industrial applications. [1, 15].  
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In this context, current research trend is to focus on development of micro-sensors for Hg
0
 
vapour detection as they have the potential to overcome the shortcomings that are associated 
with conventional spectroscopic based techniques [1, 21, 25-28]. Micro-device based Hg
0
 
vapour sensors reported in literature usually utilise the amalgamation process of Hg
0
 atoms 
with a selective material (i.e. Au/Ag) that is deposited either on chemi-resistive (i.e. 
conductometric sensor) [29-31] or acoustic-based (i.e. quartz crystal microbalance (QCM), 
surface acoustic wave (SAW)) micro-sensors [32]. From a transducer point of view, SAW 
based sensors are preferable over other micro-sensors due to their flexibility of design and 
relatively higher sensitivity toward  perturbations (i.e. mass loading or conductivity changes) 
that occur on their sensitive surface [33, 34].  However, little emphasis has been given so far 
on developing SAW based Hg
0
 vapour sensors, with only two groups demonstrating the 
performance of Au film based SAW delay line device and Au electrode based SAW resonator 
for Hg
0
 vapour detection [35, 36]. In these studies, it was shown that the SAW devices can be 
utilised to detect Hg
0
 vapour in ppbv range while the thickness of Au film can be varied in 
order to increase the sensitivity toward Hg
0
 vapour. However, these studies did not include 
several major investigation and analysis that are critical before determining the feasibility of 
the developed sensors for industrial use, which include: 
 The selectivity performance of the sensors towards Hg0 vapour in critical conditions 
(dry and humid) as well as effect of important interfering gas species such as 
ammonia (NH3), acetaldehyde (MeCHO), ethylmercaptan (EM), dimethyl disulphide 
(DMDS) and methyl ethyl ketone (MEK) on the sensor’s performance. 
 Effect of operating temperatures on the Hg0 sensing performance of the SAW based 
sensor in terms of sensitivity, selectivity and recovery, just to name a few. 
 Calibration curve characteristics of the sensor at various operating temperatures. 
 
Furthermore, there are a lot of major gaps in the body of knowledge in regards to SAW based 
Hg
0
 vapour sensing. These include the lack of: 
 Use of other noble metals (such as Ag) as the sensing material to achieve better 
detection limits, repeatability and selectivity while measuring low concentrations of 
Hg
0
 vapour. 
 Detailed comparison of Hg0 vapour sensing performance between delay line sensitive 
film and sensitive electrode based SAW sensors.  
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 Use of IDT material that has low affinity towards Hg0 while employing Au/Ag as a 
dedicated sensitive layer.  
 Comparative analysis of Au and Ag based SAW sensors in terms of sensitivity, 
accuracy and selectivity toward Hg
0
 vapour. 
 Integration of functional nanomaterials on SAW sensors to enhance their Hg0 vapour 
sensing capability and optimise its performance. 
 
Addressing the above mentioned gaps in knowledge was the critical motivating factor for the 
author to carry out the current research work.  
1.2 Research questions and objectives 
This research program primarily focuses on the development and investigation of surface 
acoustic wave (SAW) devices for sensing low concentrations (in parts per billion levels) of 
elemental mercury (Hg
0
) vapour in the presence of common interfering gas species. Based on 
the critical review of current state of SAW based Hg
0
 vapour sensors, the author found that 
several major research questions need to be addressed to achieve the aim of this research 
program. The research questions and the objectives set by the author to address those 
questions are briefly discussed below: 
 Can the structural design of a SAW device be altered to achieve better Hg0 vapour 
sensing performance? 
A SAW device can be employed for Hg
0
 vapour sensing either by making the 
interdigitated transducers (IDTs) electrodes active toward the analyte or by 
employing a dedicated sensitive layer in between the IDTs. In this research 
project, both types of SAW devices will be developed and tested for Hg
0
 vapour 
sensing. Detailed analysis of both types of sensors will be performed in order to 
assess the advantages of each type of sensor designs. 
 Can a noble metal other than Au be utilised in a SAW device for Hg0 vapour sensing? 
All the studies regarding SAW based Hg
0
 vapour sensor in the literature are based 
on Au thin films. Even though well-known for strong amalgamation with 
Hg
0
 atoms, noble metals such as silver (Ag) are yet to be utilised for Hg
0
 vapour 
sensing. One of the main objectives of this research program is to develop and 
investigate Hg
0
 vapour sensors with Ag being employed on each of the two SAW 
designs. This will also allow the comparison between the Hg
0
 vapour sensing 
performance of Au and Ag based SAW sensors. 
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 Can the Hg0 sensing performance of a SAW based sensor be enhanced by directly 
modifying the IDT electrodes with ultra-thin films of gold nanostructures? 
Au nanostructures can be integrated on a Hg-inert metal (i.e. Nickel (Ni)) in order 
to introduce synergistic enhancements in sensitivity toward Hg
0
 vapour. In this 
research program, Au nanostructures will be directly grown on Ni IDT electrodes 
of SAW devices through galvanic replacement (GR) reaction process. The 
developed sensors’ Hg0 sensing performance will be investigated and analysed. 
The effect of reaction time on optimised Hg
0
 sensing performance of the 
developed SAW sensors will also be investigated. 
 How do the operating temperature and interfering gas species affect the sensing 
performance of a SAW based Hg
0
 vapour sensor? 
Operating temperature has significant impact on the operation of a SAW based 
Hg
0
 vapour sensor and this may vary with SAW design and sensing materials. 
Effects of operating temperature on several critical parameters (i.e. sensitivity, 
recovery efficiency, limit of detection (LoD), repeatability, selectivity, response 
time, calibration curve trends, sorption/desorption rates etc.) of each sensor 
developed will be analysed, based on which their respective optimum temperature 
of operation will be determined. Furthermore, to determine the feasibility of the 
developed SAW based Hg
0
 sensors for industrial use, it is important for the 
sensors to be selective towards Hg
0
 vapour in the presence of industrial relevant 
gas species. In this context, the cross-interference effects of interfering gas species 
such as ammonia (NH3), acetaldehyde (MeCHO), ethyl mercaptan (EM), dimethyl 
disulphide (DMDS), methyl ethyl ketone (MEK) and humidity on the Hg
0
 vapour 
sensing performance of developed SAW based sensors will be investigated and 
analysed. 
 
Furthermore, the long-term stability of a SAW based Hg
0
 vapour sensor is dependent on the 
surface change it goes through during the Hg
0
 vapour exposure. The change in surface 
morphology and chemical composition may vary with the sensing materials. Where required, 
sensors’ surface or an identical thin film surface will be characterised using different 
techniques before and/or after Hg
0
 vapour sensing experiments, including scanning electron 
microscopy (SEM), atomic force microscopy (AFM), energy-dispersive X-ray spectroscopy 
(EDX) and X-ray photoelectron spectroscopy (XPS). In addition, finite element method 
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(FEM) analysis will be performed to confirm some of the experimental observations that will 
be made when analysing the sensing data for the Hg
0
 sorption behaviour on a SAW sensitive 
layer. 
1.3 Research outcomes and author’s achievements 
The development and investigation of SAW devices for mercury vapour sensing performance 
resulted in several novel outcomes during this PhD program which will add significant 
contribution to the current body of knowledge in the field of SAW based mercury vapour 
sensors.   
 
The author developed SAW devices with different designs where either a dedicated sensitive 
layer film deposited in between the IDT electrodes was utilised, or only the actual IDT 
electrodes were employed as sensing materials. Noble metals (i.e. Au and Ag) and active 
nanomaterials (i.e. Au nanostructures with high affinity toward mercury) were employed for 
elemental mercury vapour sensing. The sensing performance of the developed sensors was 
investigated toward low concentrations of Hg
0
 vapour (24-365 ppbv) at various operating 
temperatures (35-105°C). The cross-sensitivity effects of several industrial relevant gas 
species (i.e. NH3, MeCHO, EM, DMDS, MEK and humidity) on the Hg
0
 vapour sensing 
performance of the developed sensor was tested in order to determine the feasibility of the 
developed sensors for potential industrial implementation. To the author’s best knowledge, 
this PhD project resulted in the following major novelties: 
 The mercury sensing performance of SAW devices in the presence of industrial 
relevant gas species has not been reported in the literature by other research groups. 
This is one of the significant contributions of this thesis work as it is a major step to 
using cutting edge SAW based sensor technology to measure mercury in real world 
environments. 
 The author showed for the first time that an Ag based SAW sensor can selectively 
detect Hg
0
 vapour given that the right testing conditions are utilised. The Ag-electrode 
based SAW sensor developed in this program was found to have a lower detection 
limit than the Au-electrode based sensor while also showing good selectivity in the 
presence of industrial gas species at its determined optimum operating temperature. 
 A novel SAW sensor based on Ni-Au nanostructured electrodes is developed in this 
PhD program that showed good Hg
0
 vapour sensing performance. The Au 
nanostructures were grown directly on the electrode fingers, without requiring any 
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additional lithography steps to be undertaken. Furthermore, it was shown that the 
sensitivity of the sensor can be tailored by changing the nanostructure synthesis 
parameters. Additionally, the sensor showed a faster response time than an Au-
electrode based sensor while detecting Hg
0
 vapour, regardless of operating 
temperature. The developed Ni-Au sensor also had a lower LoD than the Au-electrode 
based sensor at elevated operating temperature (i.e. 75°C). 
  
Furthermore, detailed analytical investigations using the SAW response data during Hg
0
 
vapour sensing experiments were performed. Parameters such as calibration characteristics 
(experimentally and by utilising finite element method (FEM)), temperature profiles, LoD 
calculations and repeatability were calculated/analysed for the first time in this PhD program. 
 
The achievements of the author during this PhD program include, 
 Several journal articles as follows (see appendix A for full details). 
o 12 as accepted in prestigious, high impact ISI journals 
o 3 under review in prestigious, high impact ISI journals 
o 2 under preparation to be submitted by July 2016 
 3 peer reviewed conference papers 
 3 conference abstracts 
 RMIT HDR publication grant, Agilent Technologies Award for excellence in 
separation science, Chemeca travel grant to attend Chemeca 2014, AQW student 
scholarship to attend AQW 2015, HDR conference grant to attend Asian Chemical 
Congress 2015. 
 
A full list of publications by the author can be found in Appendix A. 
1.4 Thesis organisation 
This thesis provides a logical progression of the research conducted by the author during his 
PhD research program. It details the advancement in the field of SAW based Hg
0
 vapour 
sensors, resulted from the rigorous investigation done throughout this PhD program. This 
thesis contains 8 Chapters and 5 Appendices with relevant references. 
 
The thesis starts with the current chapter (Chapter 1) where the author’s motivation to carry 
out the research in the field of SAW based Hg
0
 vapour sensors is outlined. In addition, this 
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chapter also includes the research questions and objectives of the PhD program. Additionally, 
contributions to the current body of knowledge and author’s achievements are stated. 
 
Chapter 2 contains the rationale of this research. This includes a literature review that 
outlines the importance of mercury vapour sensing and current state of the field. This chapter 
further justifies the author’s motivation to carry out the current research in the context of the 
current state of the field.  
 
In chapter 3, the operating mechanism, design and fabrication of SAW devices and amplifier 
are presented. This chapter also include the experimental setup and calibration system that 
was utilised for different mercury sensing tests. In addition, brief description of the 
techniques used for SAW characterisation is provided. 
 
In Chapter 4, the mercury sensing performance of an Au electrode based SAW sensor is 
presented. The sensitivity, repeatability and selectivity performance of the sensor under 
different operating conditions is included. Detailed analysis of the developed sensor’s 
calibration curve trends, sorption/desorption rates, response time and recovery efficiency are 
discussed in this chapter. A FEM model providing further insights into the Hg
0
 sensing 
characteristics of the developed Au electrode based SAW sensor is also presented. 
Furthermore, surface characterisation (morphology/chemical state) of the Au surface is 
presented. 
 
Chapter 5 starts with a comparison of Hg sorption capacity of Pd, Pt, Ag and Au using QCM 
devices, which provided the motivation to develop Ag based SAW Hg
0
 vapour sensor. Once 
tested, parameters such as sensitivity, calibration curves, sorption/desorption rates, LoD, 
effect of temperature, selectivity of developed Ag electrode based SAW sensor were analysed 
and comparisons with Au electrode based sensor developed in this thesis are made. The 
surface morphology and chemical composition changes of the Ag thin film surface due to 
Hg
0
 vapour exposure are also presented. 
 
In Chapter 6, the Hg
0
 vapour detection performance and comparative analysis of newly 
developed SAW sensors having either Au or Ag sensitive layer with Ni IDTs is presented. 
Analysis of the developed sensors in terms of their sensitivity, calibration curve 
characteristics, sorption/desorption rates, LoD, rates, response times and selectivity toward 
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Hg
0
 vapour in the presence of industrial relevant gases at different operating temperatures is 
also demonstrated. 
 
In Chapter 7, the challenging task of using nanomaterials on SAW devices for Hg
0
 vapour 
sensing was successfully completed and presented. The synthesis and sensing performance of 
a Ni-Au nanostructure based SAW sensor is demonstrated. The factors affecting the 
performance of the developed device are discussed by utilising the electrical and surface 
characterisation of the developed devices. The effect of the different length of GR reaction 
time on the performance of the sensor is discussed. Furthermore, sensitivity, selectivity and 
sorption and desorption characteristics of the developed SAW based Hg
0
 vapour sensors are 
demonstrated. 
 
Finally, Chapter 8 includes the summary of the thesis and concluding remarks. Future 
research directions on SAW based mercury vapour sensing is also discussed in this chapter. 
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Chapter 2 
 
Chapter II:  Research Rationale 
 
 
 
 
 
 
This chapter contains the author’s rationale for developing and investigating SAW based 
mercury vapour sensors. An overview of the source of mercury emission and impact of 
mercury on the environment is presented.  Current state of mercury sensing and the 
importance of SAW based sensors in this context are discussed. A brief literature review 
on non-spectroscopic based sensors for mercury detection is also provided.        
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2.1 Mercury in the environment 
This section contains an overview regarding the sources of elemental mercury (Hg
0
) vapour 
emissions and the adverse effects it has on the environment and human health. 
2.1.1 Adverse effects of mercury 
Mercury (Hg) is a poisonous element that can have a negative effect on both human health 
and the environment [1-8]. Mercury can exist in several states including elemental (Hg
0
) 
vapour form, inorganic and organic compounds [9, 10]. Among the different forms, gaseous 
Hg
0
 vapour is of particular interest as the largest portion of mercury 64-90%) released from 
anthropogenic sources is considered to be emitted in this form [9]. Hg
0
 vapour has the ability 
to travel long distances in the atmosphere as it can stay airborne for up-to 5 years before 
dissolving into the sea and/or settling on land and water [11-15]. Following it’s emission, 
mercury is capable of oxidising and forming highly toxic organic compounds such as methyl 
mercury ([CH3Hg]
+
) once the mercury ions come in contact with microorganisms (i.e. 
bacteria) that could methylate the toxin through anaerobic reactions [8]. Methyl mercury is 
the most dangerous form of mercury and can undergo bioaccumulation in fish and other 
aquatic life forms. Consumption of mercury contaminated seafood thereby leads to many 
dangerous health effects including heart, brain, kidney and lung damage [8]. The outbreak of 
neurological syndrome that took place in Minamata and Niigata (referred to as Minamata and 
Niigata Minamata disease) in the 50’s and 60’s of the 20th century is a fitting example of 
heavy mercury poisoning [16, 17]. The patients of Minamata incident were reported to have 
symptoms including ataxia, muscle weakness, hands and feet numbness, hearing, speech and 
vision damages. Heavy poisoning has also been reported to lead to more serious effects such 
as paralysis, coma and even death [16]. Reportedly almost 80% of the patients diagnosed 
with Minamata disease eventually died as of 2001 [18]. According to the report from United 
States Environmental Protection Agency (US-EPA), exposure to methyl mercury is 
especially harmful for unborn babies and infants as it can enter in the bloodstream and 
significantly impede the nervous system of the developing uterus and their intellect [12]. A 
recent survey conducted by the Centres for Disease Control and Prevention showed that 1.4 
million women in USA (2.3% of surveyed sample) had a mercury concentration greater than 
5.8 µg/litre in their blood, which is higher than the current maximum acceptable exposure 
limit to Hg set by US-EPA. In 2001, it was reported that 60,000 babies were born in USA 
with neurological disease caused from mercury poisoning while in their mothers’ uterus [19]. 
A more recent study showed that every year, 75,000 new-borns in USA are at risk of learning 
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disabilities due to high mercury concentration in their mothers’ bloodstream during 
pregnancy [20]. The annual cost which relates to the loss of productivity of the new-born 
children was estimated to be ~USD $8.7b (according to 2000 rate of USD), and is expected to 
have raised due to increased population, industrial activities and emission rates globally, 
without any obvious evidence of significant breakthrough in the abatement technologies [21]. 
2.1.2 Sources of mercury 
Mercury primarily originates from anthropogenic sources (i.e. cement production, mineral 
processing, coal combustion, municipal waste burning, etc.) along with the well-known 
natural sources such as the ocean, forest fire, volcanic eruptions and biomass burning [22, 
23]. The large increase in industrialisation over the past century has seen atmospheric levels 
of mercury rise substantially. In fact, it is the anthropogenic sources that are responsible for 
the major portion of global mercury emissions with 30% direct emissions and 60% re-
emission from the recycled mercury products that mostly originates from man-made sources 
[24]. The UNEP study showed that extra 1960 tonnes of mercury was emitted to the 
environment from anthropogenic sources in the year 2010. Various sources that are 
contributing toward global Hg emissions are presented in Figure 2.1. It was reported that 
artisanal small-scale gold mining and fossil fuel burning (i.e. coal burning) are responsible 
for about 60% of total anthropogenic emissions [24]. The same report showed that the 
growing industrialisation in Asia has made it the largest Hg emitter with 50% of global Hg 
emissions coming from this region [24] (Figure 2.2).  
 
Figure 2.1: Anthropogenic sources of global mercury emissions (data obtained from [23]). 
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Figure 2.2: Origin of global Hg emissions (data obtained from [23]) 
 
Given that approximately 90% of mercury emitted in the air is originated from human 
activities, regulating bodies and governments around the world are now taking significant 
steps to limit anthropogenic mercury emissions. Gaseous elemental mercury (Hg
0
) emitted 
from large industrial manufacturing, mining and minerals refining processes is of particular 
interest as they represent 66-94% of the Hg found in the atmosphere [25]. In 2013, 128 
countries (including Australia) signed the first international treaty, known as “Minamata 
Convention on Mercury”, in order to protect the public health and environment from the 
detrimental effects which mercury and its poisonous compounds can cause [26]. One of the 
decisions taken in the convention was banning of the production of a large number of 
mercury based technologies, including batteries, blood pressure devices, fluorescent lamps, 
switches, relays, soaps, cosmetics, thermometers, etc. by 2020 [27]. The treaty also agreed 
that the individual countries should now be taking real steps towards reducing the amount of 
mercury emitted by their largest industrial based sources, such as coal-fired power plants and 
gold mining. However, the current abatement technologies for mercury are expensive and 
thereby the introduction of more stringent regulations announced recently has forced the 
closure of many industrial plants, such as. many of the older cement refineries in USA) [28, 
29]. The closure of these industries affect the overall flow of economy as it is related with the 
production of raw materials, tax payments and employments. The development of affordable 
Hg
0
 vapour sensing technology, which can efficiently replace the current spectroscopic and 
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sorbent based techniques, is required for industries to employ and remain economically and 
environmentally sustainable. 
2.2 Detection of anthropogenic mercury emissions 
The reduction of mercury emitted by anthropogenic sources into the atmosphere requires 
efficient mercury removal technologies to be implemented within the industrial processes. It 
is evident that the efficient monitoring of mercury is the first critical step in implementing 
effective mercury removal technologies as they enable immediate assessment and feedback 
for mercury control strategies [14]. Therefore, the detection method needs to be continuous, 
low-cost and must be capable of measuring low concentrations of mercury accurately even in 
the presence of interfering gas species that are commonly found in industrial effluent stacks. 
Continuous detection of mercury within industrial sources also ensures that industries are 
complying with emission reduction targets. Currently, industries undergo difficult sampling 
procedures of their gas effluents prior to performing one of the prescribed spectroscopic 
based analyses to determine the mercury content as no other simpler methods have been 
certified by EU or US-EPA. For this reason, scientists have tirelessly tried to develop micro-
devices based Hg
0
 vapour sensors since 1969. However, there has only been limited success 
in commercialising such microsensors, and there are none that has been 
developed/commercialised suitable for detecting Hg
0
 vapour within industrial gas effluents. 
Rather only sensor based on spectroscopic methods have been used for measuring the 
mercury content in applicable industrial effluents, such as cement industries. However such 
technologies are not suitable for many industries such as alumina refineries, hence the need to 
develop alternative technologies is highly important. 
2.2.1 Spectroscopic methods 
The US-EPA approved methods, which are mostly used for monitoring Hg
0
 vapour, are based 
on spectroscopic techniques such as atomic absorption spectroscopy (AAS), atomic 
fluorescence spectrometry (AFS), inductively coupled plasma atomic emission spectrometry 
(ICP-AES), inductively coupled plasma mass spectrometry (ICP-MS) and UV differential 
optical absorption spectroscopy (DOAS) [30, 31]. Mercury is usually captured from 
anthropogenic effluents using one of the EPA certified sampling train methods such as EPA 
Method 29, EPA Method 101A, Ontario Hydro (OH) methods or the solid sampling method 
[31, 32]. Thereon analysis is performed using one of the spectroscopic techniques mentioned 
above. Among the spectroscopic techniques, AAS and AFS are most commonly used for Hg
0
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vapour sensing while cold vapour (CV) technique is usually utilised to enhance their 
sensitivity. Although, high sensitivities towards Hg
0
 vapour can be achieved by utilising these 
methods, they possess several major disadvantages in mercury analysis [31]. That is, the 
methods lack the ability to produce real-time data for the emission sources as the sample 
needs to be captured, transported to a remote laboratory and treated before analysis could be 
performed. Typically a 2-week turnaround time is required before a reading is obtained. 
Furthermore, the presence of common industrial relevant gases does tend to produce cross-
interference effects thus making them impractical to be used as online mercury monitors [7, 
9]. For example, the working principle of the most commonly used spectroscopic method 
CV-AAS is based on the absorption and emission of 253.7nm wavelength band by mercury 
atoms. However, some of the gases present in industrial steams, such as NO2, SO2 and 
volatile organic compounds (VOCs) such as acetone, toluene and benzene also absorb light at 
the same UV wavelength (253.7 nm) which creates cross-interference effects [31, 33, 34]. 
Other major disadvantages of these spectroscopic methods are undesired photochemical 
interactions and frequent quenching of the fluorescence signal [31]. Cross–interference 
effects that are caused by common contaminant gases can be reduced by aiding these 
methods with amalgamation techniques where the gas samples are separated and pre-
concentrated using gold traps [15, 35]. However, to release the trapped Hg
0
 atoms; the Au 
traps are required to be heated up to 750°C [36, 37]. This limits the operating lifetime and 
online monitoring capability of these instruments and adds a further step in the analysis 
process [15]. Moreover, Au traps also tend to undergo distillation at high operating 
temperature which results in condensation of unmonitored Au sites at some part of the system 
[38]. In addition, these methods tend to be extremely costly, require bulky equipment and 
need skilled operators (personnel). 
 
Most of the commercially available Continuous emission monitors (CEMs) that are currently 
being used in industry are based on CVAAS and CVAFS, a summary of which can be found 
elsewhere [30]. Depending upon the mechanisms, these CEMs can be implemented either for 
extractive or in situ monitoring. However, most of these CEMS are bulky in size and require 
high installation and maintenance cost, which makes them unsustainable for industrial use.  
2.2.2 Micro-sensors for measuring Hg
0
 vapour concentrations 
Micro-sensors are now attracting significant interest as they have the ability to overcome the 
cross-sensitivity and portability limitations of spectroscopic-based methods for Hg
0
 vapour 
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sensing. Numerous recent studies [15, 39-45] indicate that these sensors can potentially 
operate in a range of temperatures while withstanding harsh industrial related conditions, all 
with minimal maintenance requirements. It is therefore of high importance to study and 
analyse these sensors in great detail in order to utilise them for real-world applications. 
Common parameters that are analysed to test the efficiency of micro-sensors may include 
sensitivity (i.e. response magnitudes toward Hg
0
 vapour exposure), limit of detection (i.e. the 
lowest Hg
0
 vapour concentration that can be detected by the sensor), repeatability (i.e. ability 
of the sensors to exhibit similar response magnitude for same Hg
0
 vapour concentration 
exposure), reversibility (i.e. ability of a Hg
0
 exposed surface to recover to its original state) 
and selectivity (i.e. Hg
0
 sensing performance in the presence of interfering gas species).  This 
section will provide an overview of the micro-sensors that are found in literature for Hg
0
 
vapour detection. However, a brief discussion of Hg
0
 interaction with metal thin films is first 
presented as it is relevant to most micro-sensors developed to date. 
2.2.2.1 Interaction between Hg
0
 and metal surfaces 
Most micro-devices that are reported for non-spectroscopic Hg
0
 vapour sensing are either 
based on the amalgamation of Hg
0
 with noble metal films such as gold (Au) and silver (Ag) 
or functional nanomaterials such as carbon nanotubes, conductive polymers, etc. These noble 
metals are preferred over other metals in Hg sensing application due to their high solubility in 
Hg. For instance Au and Ag have a solubility of 0.14 and 0.076% in Hg at room temperature 
[38], which are much higher than the solubility of noble metals such as Pd and Pt that have 
solubility of 0.0027 and 0.0005%, respectively [38].  The amalgamation process of mercury 
and noble metals such as Au and Ag is well-known and well documented in the literature [31, 
46-50]. Mercury vapour readily absorbs to their surface and can be desorbed from the surface 
either at room temperature or more efficiently under elevated temperatures, typically between 
70 and 750°C. Past studies have shown that the mercury atoms do not only adsorb on to the 
Au/Ag surface but also diffuse through into the bulk [51]. According to the investigation 
conducted by Battistoni et al. [48], mercury atoms were found to diffuse through 5 - 6 nm 
sub-layer of a thin gold film after only 30 minutes exposure to Hg
0
 at low μg/m3 (low ppbv) 
range concentrations. Later studies also indicated that the diffusion of mercury molecules can 
be even deeper into the Au when higher Hg
0
 vapour concentrations and longer Hg exposure 
times are used [41, 52]. It has been shown in the literature that the grain boundaries present 
on the Au/Ag surface are primarily responsible in the sorption of Hg
0
 molecules. These small 
island shaped structures on the optically polished films are found to immobilise and 
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agglomerate to bigger islands when exposed to Hg
0
 vapour. Levlin et al. [49] explained the 
formation of islands by proposing that a place exchange mechanism occurred, postulating 
that the Hg
0
 atoms replaced  Au atoms within the lattice in a continuous manner while 
diffusing into the film. It is indicative from the study that the surface morphology is highly 
important in mercury adsorption/diffusion with rough surfaces (i.e. surface with higher 
number of grain boundaries) being more efficient than the relatively smoother surfaces [51]. 
The higher number of grain boundaries results in more defect sites on the metal surface, 
which ultimately allow more Hg
0
 atoms to accumulate. It has also been shown that the 
surface with higher number of grain boundaries and defect sites adsorb Hg faster than the 
surface that has lower number of grain boundaries [51]. This phenomenon ultimately leads 
researchers to develop nano-engineered surfaces for enhanced mercury sensing. For example, 
it has been shown that the formation of Au nanostructures such as spikes/prisms [53, 54] can 
increase the mercury sorption capability of the surface, indicating that the incorporation of 
nanomaterials can enhance the sensitivity performance of a sensor. 
2.2.2.2 Resistive sensors 
Resistive sensors (also known as chemiresistors or conductometric sensors) have been used 
extensively in the detection of volatile gas species (i.e. H2, CO etc.) due to their simple 
mechanism of operation, fabrication and measurement procedure [55-61]. The operating 
principle of resistive gas sensor is based on the measurement of small conductivity changes 
of a sensitive material (typically a metal oxide or conductive polymer) upon interaction with 
certain gas molecules. In case of Hg
0
 vapour sensing, the change in conductivity on the 
sensing material occurs due to the scattering of the conduction electrons as the Hg
0
 molecules 
interact with the material’s surface [47]. The change in the conductivity can be directly 
related to the amount of Hg
0
 molecules being adsorbed into the sensing surface. The first 
resistive sensor for detection of Hg
0
 vapour was reported by McNerney et al. [62] in 1972. It 
was shown that the resistance of an Au thin film changed as a result of mercury adsorption 
into it. The prototype instrument presented in the paper exhibited an impressive limit of 
detection (LoD) of 0.05 nanogram of mercury for a 2.5 cm
2
 sensing film area. In 1973, 
McNerney et al. presented a portable instrument for Hg
0
 vapour sensing which was also 
based on their previously published paper [63]. Later in 1986, Jerome Instrument Corporation 
commercialised two portable mercury vapour analysers (411 and 511 Gold Film Mercury 
Vapour Analyser) which were able to detect 0.001 to 1.999 mg/m
3
 (0.011 to 222 ppbv) of 
mercury concentrations in air as well as from liquid samples [64]. However, in the same year, 
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they commercialised a H2S vapour analyser (Model 621) [64] which was also based on 
similar Au film mechanism, thus indicating the commercialised mercury vapour analyser 
product would potentially lose its efficiency when introduced in a gas stream where H2S and 
other gas species with high affinity toward Au film (i.e. thiols) are present. 
  
More recent research have concentrated on developing novel nanomaterials such as Au 
nanowires, polymer-carbon composites, carbon nanotubes and Au nanospikes in order to 
increase the sensitivity of resistive based Hg
0
 vapour sensors [65]. Table 2.1 summarises the 
performance of resistive Hg
0
 vapour sensors found in the literature. Overall, it can be 
observed that there is a trade-off between high selectivity and LoD, thereby limiting their use 
for real-world applications where selective detection of low concentrations of Hg
0
 vapour are 
required. 
 
Table 2.1: Summary of resistive sensors for Hg
0
 vapour detection 
Sensing material Limit of detection*/ 
minimum concentration 
detected# 
Selectivity Publication 
Au film 0.05 ng (2.5 cm
2 sensing 
film area)* 
Not reported McNerney et al. (1972) [62] 
Au film 0.1 µg
#  Not reported Chaurasia et al. (1975) [66] 
Au foil 3 ppbv
# Not selective in the presence 
of Cl2. Moderately selective 
in the presence of SO2 and 
H2S 
McCammon et al. (1977) 
[67] 
Au film 1 ppbv
* Not reported Main et al. (1978) [68] 
Au electrodes 11 ppbv
# Not reported Schambach et al. (2002) 
[69] 
Au electrodes with coated 
monolayer of 
1-hexadecanethiol 
0.22 ppbv
* Selective in the presence of 
humidity, sulphuric acid and 
butanethiol  
Mirsky et al. (2002) [70] 
Au electrodes 100 pg* Not reported Mazzolai et al. (2004) [71] 
Au nanowire 5 ppbv
# Not reported  Keebaugh et al. (2006) [72] 
Au electrodes 0.11 ppbv
* Selective in the presence of 
humidity. Not selective in the 
presence of H2S  
Mattoli et al. (2007) [73] 
PdCl2/polymer-carbon 
composites with Au film 
2 ppbv/10 ppbv
# Selective in the presence of 
humidity 
Shevade et al. (2007) [74] 
Carbon nanotube & Au 
nanoparticles 
2 ppbv
* Selective in the presence of 
NH3, NO2 and SO2. Not 
selective in the presence of 
H2S 
McNicholas et al. (2011) 
[45] 
Au electrodes 56 ppbv
# Not reported Griffin et al. (2012) [75] 
Au electrodes 0.02 ppbv
* Not reported Sarajlic et al. (2013) [43, 
44] 
MoS2–polyanline 
nanocomposite 
61 ppbv
# Selective in the presence of 
NO2, NH3 and SO2 
Wang et al. (2013) [76] 
Au-nanospikes 3 ppbv
 Selective in the presence of 
NH3, MeCHO, EM, DMDS, 
MEK, humidity, H2S, NO, 
CO2, CO and SO2 
Griffin et al. (2016) [65] 
*
Limit of detection 
#
Minimum concentration detected 
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2.2.2.3 Microcantilevers 
Microcantilevers are gravimetric devices and have gained lot of interest in gas sensing 
applications due to their easy-to-use operating mechanism [77-79]. A microcantilever based 
sensor responds to the change that occurs in its sensing surface (i.e. molecular adsorption) 
either by mechanical bending or by exhibiting a change in its vibrational/resonance 
frequency. The sensitivity toward a gas analyte is obtained by coating a suitable material that 
is selective toward the target analyte on the cantilever beam. The resonance frequency of a 
microcantilever decreases with increasing mass while deflection occurs as its surface forces 
change as a result of molecular adsorption on the sensing element. The first demonstration of 
mcirocantilever based mercury vapour sensor was performed by Thundat et al. [77] in 1995 
where they showed that oscillating silicon nitride microcantilevers, coated with a thin gold 
film can detect mercury vapour as low as 30 µg/m
3
 (3 ppbv) in air. The resonance frequency 
as well as the bending of the cantilever was found to alter due to the mass loading resulting 
from mercury vapour sorption. This sensor was further improved by the same group in the 
year 2005 where they showed that a self-sensing and self-actuating sensor can be developed 
by integrating a piezoelectric film in the microcantilevers [80] to detect 93 ppbv (832 µg/m
3
) 
of Hg
0
 vapour balanced in nitrogen gas. More recent research showed that the sensitivity and 
selectivity of a microcantilever based Hg
0
 vapour sensor is highly dependent on the device 
size [42]. Table 2.2 summarises the performance of microcantilever based Hg
0
 vapour 
sensors found in the literature. It can be observed that although low LoD was achieved, 
selectivity studies, which are critical from a real-world application feasibility point of view, 
have not been performed on these types of sensors to date.  
Table 2.2: Summary of microcantilever sensors for Hg
0
 vapour detection 
Sensing material Minimum concentration 
detected 
Selectivity Publication 
Au film 3 ppbv Not reported Thundat et al. (1995) [77] 
Au film 15 ppbv Not reported Britton Jr et al. (2000) [78] 
Au film 93 ppbv Not reported Rogers et al. (2003) [80] 
Au film 4 ppbv Not reported Drelich et al. (2008) [42] 
 
2.2.2.4 Magnetoelastic sensors 
Magnetoelastic sensors are usually fabricated in the shape of a thick-film strip and consist of 
ferromagnetic alloys (i.e. Fe40Ni38Mo4B18). Longitudinal vibrations can be generated on the 
magnetic strip by applying a time varying magnetic field. The change in the resonance 
frequency of the sensor is dependent on the mass of the magnetic strip’s surface. Shao et al. 
[81] developed a mercury vapour dosimeter based on a gold-coated magnetoelastic sensor for 
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the first time in 2007. The detection of mercury vapour was achieved by monitoring the shift 
in the sensor’s acoustic resonant frequency, which changed due to the absorption of mercury 
on the gold coating. Later in 2012, the same group presented another magnetoelastic Hg
0
 
vapour sensor [82], which could be worn by the user. However, these studies did not include 
any clear data regarding the LoD of the developed sensor. Additionally, the selectivity of the 
developed sensors was not reported in these studies, indicating magnetoelastic Hg
0
 vapour 
sensors require further investigation and improvement before being implemented in real-
world applications. 
2.2.2.5 Quartz crystal microbalance (QCM) sensors 
Over the years, extensive research has been carried out in order to utilise QCM devices for 
chemical sensing [83-85]. QCMs operate through the application of an electric field on the 
electrodes of a suitable piezoelectric substrate (i.e. AT-cut quartz), which results in an 
acoustic wave that propagates into the bulk of the substrate (Figure 2.3) [86-88]. A material 
that is selective toward the analyte of interest can be deposited on the electrodes’ surface to 
make the device selective toward the given analyte. The sensing mechanism is based on a 
surface-analyte interaction which alters the mass loading on the electrode surface thereby 
shifting the sensor’s resonance frequency. The magnitude of this frequency shift can be 
related to the target analyte concentration through a simple calibration process. In 1959, 
Sauerbrey [89] introduced the linear relationship between the mass loading and the resonance 
frequency shift (Δf) of the QCM device that is resulted from the mass loading, as defined in 
equation 2.1. 
 
   
   
 
 √    
            (2.1) 
 
In this equation, f0 is the QCMs fundamental resonance frequency, A represents the 
electrode’s active surface area, ρq is crystal density (quartz = 2.648 g
-1
.cm
-3
), μq represents 
shear modulus of the crystal (quartz = 2.947×10
11
 g.cm
-1
.s
-2
) and Sƒ is the integral mass 
sensitivity or Sauerbrey constant.  
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Figure 2.3: Illustration of gas molecules interacting with QCM electrode 
 
The first demonstration of QCM sensor for Hg
0
 vapour detection was performed by Bristow 
[90] et al. in 1972. The authors successfully detected Hg
0
 vapour from a soil sample gas 
where a sensitivity of 2.6 Hz/ng was achieved. In 1974, Scheide et al. [91] used a QCM 
sensor to detect Hg
0
 vapour concentrations directly from air. Thereafter, most of the QCM 
based Hg
0
 vapour sensors reported up until the year 2000 were based on Au thin film 
deposited on AT-cut quartz substrate [92-95]. In the year 2000, Ruys et al. [96] introduced 
the first modified Au surface for enhancing Hg
0
 vapour detection performance in air. They 
did this by showing that Au films coated with a mixed palladium (II) chloride and 
tetrahydroxyethylethylenediamine (THEED) could significantly increase the sensitivity of the 
sensor. In recent years, it has been demonstrated that mercury sensing performance of a QCM 
sensor can be enhanced not only by chemical treatment of the Au electrode but also by 
tailoring the topological and morphological modifications such that Au nanospikes [54], 
nanoprisms [53], nanosphere monolayers [39] etc are produced over the entire electrode 
surface. A summary of the reported QCM based Hg
0
 vapour sensors in the literature are 
presented in Table 2.3. It can be observed that many recent advances have occurred in QCM 
based Hg
0
 sensing.  
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Table 2.3: Summary of QCM sensors for Hg
0
 vapour detection 
Sensing material Limit of detection*/ 
minimum concentration 
detected# 
Selectivity Publication 
Au film 0.7 ng* Not reported Bristow et al. (1972) 
[90] 
Au film 60 ppbv
#  CO, CH4, H2S, SO2, NO2 did not show 
any cross-interference. 5 ppm Cl2 and 
H2O vapour with more than 82% RH 
showed cross-interference 
Scheide et al. (1974) 
[91] 
Au film 9 ppbv
# Same as above Scheide et al. (1978) 
[97] 
Au film 0.34 ppbv* Not reported Spassov et al. (1993) 
[98] 
palladium (II) 
chloride and 
tetrahydroxyethyleth
ylenediamine 
(THEED)  
200 ppbv
# CO, CO2 did not show any cross-
interference. Humidity (>90% RH) and 
nitrous oxide showed cross-interference 
Ruys et al. (2002) [99] 
Au coated nano 
templates of 
molybdenum oxide 
(MoO3) 
491 ppbv
# Not reported Dhawan et al. (2008) 
[100] 
Au nanostructures 397 ppbv
# Selective in the presence of humidity and 
NH3 
Sabri et al. (2008) [101, 
102] 
Ag film 114 ppbv
# Not reported  Sabri et al. (2009) [103] 
Polypyrrole (PPy) 
nanofibers loaded 
with 
PPy/Pd(O2CCH3)2)/  
(PPy/Pd(NO3)2) 
114 ppbv
# Selective in the presence of humidity Sabri et al. (2011) [104] 
Au nanoprisms 2 ppbv* Selective in the presence of humidity, 
NH3 and ethanol 
Sabri et al. (2011) [105] 
Ni-Au nanostructures 12 ppbv* Selective in the presence of humidity and 
NH3 
Sabri et al. (2012) [106] 
Pd-Au 
nanostructures 
4 ppbv* Not reported Lay et al. (2014) [107] 
Au nanospikes 2 ppbv* Selective in the presence of humidity, 
NH3, MeCHO, EM, DMDS and MEK. 
Sabri et al. (2014) [108] 
Au/Ag nanosphere 
monolayers 
3 ppbv* Selective in the presence of humidity, 
NH3, MeCHO, EM, DMDS and MEK. 
Sabri et al. (2015) [109] 
Ag/Au nanowire 
monolayer 
4 ppbv* Selective in the presence of humidity, 
NH3, MeCHO, EM, DMDS and MEK. 
Larki et al. (2015) [40] 
Au nano-urchins 2 ppbv* Selective in the presence of humidity, 
NH3, MeCHO, EM, DMDS and MEK. 
Sabri et al. (2016) [110] 
*
Limit of detection 
#
Minimum concentration detected 
 
2.2.2.6 Surface acoustic wave (SAW) sensors 
Surface acoustic wave (SAW) sensors are an elite family of mass based micro-sensors  [15, 
111, 112], which have the potential to achieve much higher sensitivity levels towards Hg
0
 
vapour compared to a QCM based sensors [113]. This is due to their higher operating 
frequency and planner design which provided a larger area for the acoustic wave to interact 
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with the analyte gas. A SAW-based sensor utilises the velocity change of an acoustic wave 
propagating through the surface of a suitable piezoelectric substrate (i.e. ST-cut quartz, 36 
YX LiTaO3 or XY LiNbO3, etc.). The sensing mechanism is based on minute perturbations at 
the surface causing the velocity of the travelling wave to change and thus change the 
resonance frequency of the SAW device [88]. The wave is generated through the application 
of an alternating voltage on a set of electrode pairs known as input interdigitated transducer 
(IDT). The wave is then received and converted back to an electrical signal when it reaches 
the output IDT (Figure 2.4a). Usually, the delay path between the IDTs is covered with a 
sensing film that is selective toward the specific analyte being measured, as shown in 
Figure 2.4a [114]. In an alternative design, the electrodes can also be made of a material 
which is sensitive toward the gas analytes and hence any interaction of the analyte with 
electrodes will decrease the velocity of the propagating acoustic wave, as is shown in Figure 
2.4b. In both cases (Figures 2.4a and 2.4b), the change in wave velocity results in a shift in 
the resonance frequency (f0) of the SAW device. Second order effects related to electrical and 
mechanical perturbations of SAW IDT electrodes such as triple transit interference, finger 
reflection and substrate edge reflections associated with high frequencies can be neglected for 
a relatively low frequency device (i.e. <150 MHz developed in this PhD program), which has 
very low electrode thickness/width ratio [115]. In case of Hg
0
 vapour sensing, the change in 
the resonance frequency of the sensor occurs due to the mechanical and acoustoelectric 
perturbations of the sensitive layer [15] resulted from Hg interacting (i.e. 
sorption/amalgamation/diffusion) with the surface (i.e. Au or Ag film). For a conventional 
SAW device, the shift in resonance frequency due to Au/Ag-film mechanical perturbations 
can be represented by Equation 2.2 [15, 114, 116].  
   (     )  
        
   
  
   
(
   
    
)      (2.2) 
In these equations, k1 and k2 represent the substrate material’s constant related to the 
normalized particle velocities in xi direction, ρ and h are Au film density and thickness, 
respectively, and λ and µ are Au film’s Lame constants, σsh is sheet conductivity of Au-film, 
Ɛρ is the effective permittivity of the structure including free space permittivity and k
2
 
represents the electro-mechanical coupling coefficient of the substrate material. From 
equation 2.2, it can be observed that an increase in film density and thickness (related to mass 
loading) will result in a decrease in the resonance frequency of the sensor [15]. On the other 
hand, an increase in the Lame constants (related to mechanical stiffness) will result in an 
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increase in the resonance frequency. However, mechanical stiffening effect can be ignored 
for extremely thin films [15, 116]. This simplifies equation 2.2 in the form of equation 2.3.  
   (     )  
           (2.3) 
The equation shows f0 shift is mainly dependent on film density and thickness, indicating the 
sensing film/electrode material can be altered in order to enhance the gas detection 
performance of a SAW based sensor.  
 
Figure 2.4: Illustration of SAW-based gas sensors that employ a) delay line sensing film and 
b) the electrodes as sensing element [114]. 
As mentioned previously, a SAW-based sensor is more sensitive toward a gas analyte then its 
QCM counterpart due to higher energy confinement on the surface of the device rather than 
the bulk [41]. In addition, higher operating frequencies (40-200 MHz compared to 5-20 MHz 
of QCM) of SAW devices makes them more sensitive toward the mass loading than the QCM 
based devices as sensitivity is directly proportional to the operating frequency [41] as shown 
in equation 2.2 through to 2.3.  
The first SAW based mercury vapour sensor was developed by Caron et al. [117] in the year 
1998 where they showed that the developed sensor can detect mercury vapour as low as 
100 ppbv. The demonstrated sensor was of a dual delay line structure with Al (aluminium) 
IDTs [118] and an Au thin film as the sensitive layer in between the two sets of IDTs on one 
of the delay lines. The sensor was fabricated on a 28° rotated Y-cut quartz substrate and 
possessed a resonance frequency of 261 MHz. It was shown that the sensor was able to detect 
the instantaneous concentration at any particular time while operated at 200°C, without 
requiring any regeneration. Overall, the authors showed that the sensor was able to produce 
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repeatable measurement for 100-500 ppbv of mercury vapour. In their follow-up publication 
[119] (1999), the same group investigated the effect of Au film thickness on the sensitivity of 
the developed SAW-based mercury vapour sensor. The authors investigated Au film with 
25-500 Å thickness by exposing them toward 20-100 ppbv of mercury vapour. It was found 
that an optimum thickness of 75 Å Au film could be utilised in order to obtain the highest 
sensitivity. The authors postulated that 75 Å was the minimum thickness where the Au film 
just became a continuous thin film rather than a combination of island shaped structures. In 
2012, Jasek et al. [120] demonstrated the mercury vapour sensing performance of two 
different SAW resonators; one having Al electrodes with Au sensitive layer on delay line 
while the other one had Au electrodes without any addition sensitive layer. It was shown that 
the sensor with Au sensitive layer responded to mercury vapour faster than the Au electrode 
based sensor. However, the Au electrode based sensor showed higher response magnitudes 
for long-term exposures as the Au sensitive based sensor reached saturation faster. Overall, 
the Au sensitive layer based sensor showed a sensitivity of 20 Hz/ppb while the Au electrode 
based sensor exhibited a sensitivity of 5 Hz/ppb while detecting mercury vapour 
concentrations in the range of 0.3 - 2.4 ppm.  
 
Table 3 summarizes the results of reported SAW based Hg
0
 vapour sensors in the literature. 
Overall, even though SAW based sensors possessed high sensitivity toward low 
concentrations of mercury vapor, it is yet to be investigated extensively.  
 
Table 2.4: Summary of SAW sensors for Hg
0
 vapor detection 
Sensing material Minimum concentration 
detected
 
Selectivity Publication 
Au film 20 ppbv Not reported Caron et al. (1998) 
Haskell et al (1999) 
Au film/ 
Au electrodes 
300 ppbv Not reported Jasek et al. (2012) 
 
One of the major drawbacks of these studies was the use of Al electrodes, which is highly 
dissolvable in Hg (known as liquid-metal embrittlement (LME) in industries) [121] and 
therefore long-term operation of the SAW device would potentially be affected. Moreover, 
none of these studies included few major investigations that halted their development into 
commercially available Hg
0
 vapour sensors for real-world applications, such as their 
inclusion in CEMs or industrial process control equipment. Firstly, the effects of contaminant 
gases that are usually present in industrial stack effluents (i.e. NH3, MeCHO, EM, DMDS, 
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MEK, humidity etc.) on the selectivity of these sensors have not been reported. Furthermore, 
these studies did not to report critical parameters such as LoD, sorption, response time etc. 
Moreover, the alteration of the SAW device designs to achieve better LoD, repeatability and 
selectivity while measuring low concentrations of Hg
0
 vapour, are yet to be investigated. In 
this context, investigating other noble metals such as silver (Ag) integrated with SAW sensor 
is highly important and can potentially enhance the performance of the sensor. Furthermore, 
novel nanomaterials, that have been used to enhance the sensing performance of other micro-
devices (i.e. Au nanostructures on QCM [106]), can potentially be integrated on SAW sensor 
to demonstrate how the selectivity and sensitivity of SAW devices can be controlled toward 
Hg
0
 vapour detection.  
2.3 Conclusions 
More than 90% of mercury emitted from the anthropogenic sources is in the form of gaseous 
elemental mercury (Hg
0
). It is therefore highly important to detect Hg
0
 vapour at common 
emission sources in order to evaluate the efficiency of implemented Hg removal 
technologies. However, current detection techniques (i.e. spectroscopic techniques) have 
several major disadvantages including portability and cross-interference issues.  
Micro-sensors provide exciting prospects for overcoming these limitations. Among micro-
sensors, SAW based sensors have several clear advantages over other gravimetric sensors 
such as QCMs due to more energy confined on surface of the device. This allows higher 
change in resonance frequency if a perturbation (i.e. mass loading) occurres on the surface. 
SAW sensors can be fabricated by either employing a sensitive layer on the delay path or by 
just fabricating the IDT electrodes from a selective material. Prior to this PhD work, two 
research groups demonstrated the performance of SAW devices for Hg
0
 vapor sensing 
applications. However, those studies lack some major investigations including the study of 
SAW based Hg
0
 vapour sensors for their selectivity performance under simulated industrial 
stack conditions. In addition, potential modification of the sensor’s design and surface is 
required for further improving their sensing performance. Specially, the integration of noble 
metal such as Ag and nanomaterials on to the SAW sensor’s surface, combined with the right 
design of the device can potentially result in sensors that have great prospects as potential 
online Hg
0
 vapour sensors. Furthermore, the effects of operating temperatures on the SAW 
Hg
0
 vapour sensors’ performance in terms of response magnitudes, LoD, response time, 
sorption behaviour, sensitivity and selectivity needs to be investigated in order to obtain a 
30 
 
better understanding of Hg-surface interactions as well as determine the optimum 
temperature for their efficient operation in real-world applications. 
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Chapter 3 
 
Chapter III:  Device fabrication and 
experimental setup 
 
 
 
 
 
Development of the SAW devices, experimental setup for Hg
0
 vapour sensing tests and 
characterisation methods will be discussed in this chapter. 
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3.1 SAW design and fabrication 
As a part of this PhD program, the author has developed SAW devices with different IDT 
geometries and sensing layer configurations for Hg
0
 vapour sensing applications. The SAW 
devices designed and developed in this study are listed below: 
 Gold (Au) electrodes based SAW device without a conventional sensitive layer in the 
delay line path (Chapter 4).  
 Silver (Au) electrodes based SAW device without a conventional sensitive layer in the 
delay line path (Chapter 5).  
 Nickel (Ni) electrodes based SAW device with an Au sensitive layer in the delay line 
path (Chapter 6). 
 Nickel (Ni) electrodes based SAW device with an Ag sensitive layer in the delay line 
path (Chapter 6). 
 Au nanostructured electrode based SAW without any conventional sensitive layer in 
the delay line path (Chapter 7). 
 
Design and fabrication of the SAW devices contained several major steps with a number of 
critical considerations that had to be taken into account in their development processes. In 
this section, the design and fabrication procedures of the SAW devices used in this research 
program will be discussed. The general safety procedures of RMIT Cleanroom were followed 
throughout the fabrication process. Please refer to the materials safety datasheet for specific 
chemical used in the fabrication of SAW device.  
3.1.1 SAW Substrate material 
The fabrication of SAW devices require specialised piezoelectric substrates which support 
SAW propagation such as YZ LiNbO3, YX LiTaO3 and ST-cut quartz (also known as 
42.75°C rotated Y-cut quartz) [1, 2]. The choice of substrate material is mainly dependent on 
their temperature stability and coupling coefficients. Even though having a low coupling co-
efficient (K
2
= 0.0016), ST-cut quartz substrates are typically preferred in critical applications 
where stable SAW oscillation is required due to their relatively lower temperature sensitivity 
than other materials [3, 4]. The other substrate materials such as LiNbO3 and LiTaO3 have 
much higher coupling coefficients, however, suffer significantly higher temperature 
sensitivity. For instance, YZ-cut of LiNbO3 possess a coupling coefficient that is more than 
one order magnitude higher than the ST-cut quartz (K
2
= 0.045). However, having a 
temperature coefficient of ~80 ppm/°C makes the material highly responsive to temperature 
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changes and significantly stable temperature controlling system is required for the material to 
be implemented in gas sensing applications [5]. Furthermore, ST-cut quartz has advantages of 
low cost and ready availability.  Therefore, ST-cut quartz was used as SAW substrate 
throughout this PhD program. 
3.1.2 Sample cleaning 
The fabrication of the devices was carried out in a class-1000 cleanroom facility available at 
RMIT University. The surface of single side polished 4 inch ST-cut quartz wafers were 
cleaned by rinsing them with acetone, iso-propanol and deionised water prior to evaporating 
thin films of metal for the deposition of IDTs and sensitive layers. This cleaning step ensured 
that the evaporated metals were properly adhered to the quartz substrates. 
3.1.3 Metal evaporation  
A Balzers
TM
 electron-beam evaporator (BAK-600) was utilised for thin film metal 
evaporation on the polished side of the clean substrates. The type and thickness of the metal 
film was chosen depending on the types of studies undertaken. In most cases, either Au 
(50 nm thickness), Ag (100 nm thickness) or Ni (100 nm thickness) thin films were 
evaporated on top of a Ti (10 nm thickness) adhesion layer. A typical base pressure of 
2×10
-7
 mbar was set on the electron-beam evaporator during the process. A 6 keV electron-
beam voltage was utilised for Ti and Ni evaporation while electron-beam voltage of 11 keV 
was applied when Au evaporation was performed. The metal evaporation was performed by 
RMIT’s staff at Microelectronic and Materials Technology Centre (MMTC). 
3.1.4 Wafer dicing 
The metallised wafer were spin coated with a thick layer of photoresist (AZ-1512) and diced 
to smaller rectangular shaped substrate using a Tempress (model 602) dicing saw. The typical 
size of the diced rectangular substrates was around length (15-20 mm) and width (15-20 mm) 
depending on the sensor mask design. The wafer dicing was performed by RMIT’s MMTC 
staff. 
3.1.5 Design of photolithographic mask 
The photolithographic masks were designed and fabricated according to the required SAW 
structures (i.e. number of finger pairs, length of sensitive layer etc.). Computer scripts were 
written for Keysight Advanced Design System (ADS) software in layout mode in order to 
implement the desired structure. It was then exported to standard GDSII stream format and 
fabricated externally (Bandwidth Foundry, Australia) on a 4 inch glass substrate. The 
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examples of mask design without and with dedicated sensitive layer are shown Figures 3.1a 
and 3.1b, respectively. The detailed designs of each of the fabricated SAW devices will be 
provided in the corresponding chapters. 
 
Figure 3.1: Snapshots of the photolithographic masks a) without and b) with dedicated 
sensitive layer on delay line SAW devices, taken from the Keysight ADS software. 
 
3.1.6 Photolithography and SAW device development 
Diced substrates were cleaned with acetone, iso-propanol and deionised water in order to 
remove the protective photoresist coating from the dicing process as well as any dust particles 
from the surface. Clean samples were then spin coated with AZ1512 positive photoresist 
using 3000 rpm rotation speed for 60 seconds. Thereafter, the samples were soft baked for 
120 seconds in 95°C in order to cure the photoresist film on the metallised substrate. The 
photoresist coated samples were then exposed to UV light for a period of 8 to 10 seconds 
using a MJB-3 mask aligner and the appropriate photolithographic SAW mask design. The 
exposure energy was approximately 100 milijoules.  
 
Development of the UV exposed samples was then performed by dipping them into a diluted 
solution of 1:4 AZ400K for a period of between 15 to 20 seconds depending on the samples 
progress. The developed samples were then washed with deionised water in order to remove 
any leftover developer solution. Each sample then underwent a chemical wet etching process 
which was carried out in order to acquire the metallised IDT pattern on the substrate. 
a)
b)
42 
 
Different chemical solutions and etching times were required for the etching of different 
metals. The etchant required for Ti, Ni, Au and Ag are listed in Table 3.1 while Figure 3.2 
shows a schematic of the sensor fabrication process. 
Table 3.1: Summary of metal etchant 
Metal Name Etchant Solution Typical Etching Time 
Ti  Buffered (3%) hydrofluoric (HF) acid 10 seconds 
Ni  15 grams ammonium persulfate + 25 ml nitric acid (70% 
concentration) + 100 ml deionised water  
20 seconds (10 nm thick film) 
150 seconds (100 nm thick film) 
Au  6.5g Tchnistrip Au (powder) + 100ml H20 DI-water. 
Technistrip Au contains 17% Potassium Cyanide, 0.22% 
Lead Oxide and various inorganic salts. 
10 seconds 
Ag  33 ml nitric acid (70% concentration) + 67 ml deionised 
water 
90 seconds  
 
Finally, the etched samples were washed using acetone, isopropanol and deionised water in 
order to remove the patterned photoresist layer from the metallised electrodes. For the SAW 
devices which had a sensitive layer in between the IDT port, (as used in Chapter 6), further 
evaporation of either 50 nm thick Au or Ag film was performed in the delay line after the 
deposition and patterning of the IDTs. The same evaporation technique described in section 
3.1.3 was utilised for physical vapour deposition. For the study related to Au nanostructured 
based SAW sensor (Chapter 7), Au nanostructures were grown on the Ni electrode surface by 
galvanic replacement (GR) reaction. The detailed procedure of the SAW electrode surface 
modification process is presented in Chapter 7. 
 
Figure 3.2: Schematic of the SAW fabrication process and inset is the photograph of a 
fabricated device. 
Clean 
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The overall summary of the SAW devices developed in this PhD program are listed in 
Table 3.2. The detailed design on each of these fabricated SAW devices will be provided in 
the corresponding chapter. 
Table 3.2: Summary of the fabricated SAW devices 
Corresponding 
Chapters 
Electrode material Sensing 
film 
material 
Finger 
pairs 
Wavelength 
(λ, µm) 
Centre-to-centre 
distance of IDTs 
Chapter 4 Au N/A 180 24 255λ 
Chapter 5 Ag N/A 180 24 255 λ 
Chapter 6 Ni Au 180 24 540 λ 
Chapter 6 Ni Ag 180 24 540 λ 
Chapter 7 Ni-Au 
nanostructures 
N/A 180 72 24 λ 
 
3.2 Electrical characterisation 
The fabricated SAW devices were electrically bonded using Ni wires and silver epoxy. An 
Agilent (E5100A) or Rohde & Schwarz (ZVRE) network analyser was then used to analyse 
the frequency response (i.e. insertion loss and resonance frequency) of the fabricated SAW 
device. A test circuit with BNC connectors was utilised for measurement of the fabricated 
devices. This step was necessary to ensure the quality of the fabricated devices before their 
testing commenced. Typically, the resonance frequency of a SAW device is dependent on the 
SAW velocity (vSAW) on the substrate and the wavelength (λ) of the IDT structure [5], as 
defined in equation 3.1.  
 
  
    
 
     (3.1) 
 
Figures 3.3a and 3.3b show the frequency response of two fabricated devices with 
wavelength of 24 and 72 µm, respectively, which were fabricated on ST-cut quartz, which 
has a SAW velocity of 3158 m/s. It can be observed that the device with λ= 24 µm had a 
resonance frequency around 130.76 MHz while the device with λ= 72 µm exhibited a 
resonance frequency of 43.78 MHz. The corresponding insertion loss is dependent on several 
factors such as the number of finger pairs, finger aperture, length of delay line, mass density 
of the electrode material etc. As expected, it was observed that the SAW devices with lower 
insertion loss exhibited higher signal to noise ratio. On the other hand, the devices with 
significantly higher insertion loss (>20 dB) were found to have instabilities when used as the 
frequency controlling component in a closed loop oscillate. To overcome the low insertion 
44 
 
loss of some of the SAW devices used in this work the amplifier used in this study was 
custom built with a forward gain of ~25 dB.  This was necessary as the modification of the 
SAW based sensors sensitive layer was found to result in high insertion loss. A discussion 
regarding this is detailed in Chapter 7, Section 7.2. Typically, non-modified SAW devices 
with insertion losses of less than 15 dB were considered for further studies and experiments 
throughout this PhD program.   
 
Figure 3.3: Frequency response of SAW devices with the wavelength of a) 24 µm and b) 
72 µm. 
 
3.3 Surface characterisation 
The surface characterisation of Au/Ag/Ni-Au samples before and after Hg
0
 vapour sensing 
experiments was carried out as required. Different characterisation instruments available at 
RMIT Microanalysis and Microscopy Facility (RMMF) were utilised to carry out these 
studies, which are listed below. 
3.3.1 Scanning electron microscopy (SEM) 
A FEI Nova SEM (Nova 200)/Verios 460L instrument was used for performing SEM 
characterisation of the different metal surfaces utilised during this PhD program. This 
technique was utilised to study the morphology of the sensitive film surfaces. 
a)
b)
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3.3.2 Energy dispersive X-ray (EDX) 
Chemical composition of the bulk of sensing film was characterised using an AMETEK 
energy dispersive X-ray (EDX) system operated at an accelerating voltage of 10 and 30 kV, 
depending on the sample type. This technique was used to study the chemical composition of 
metal surfaces where required. 
3.3.3 X-ray photoelectron spectroscopy (XPS) 
To gain a more detailed understanding of the chemical states and Hg depth profile on thin 
film surfaces, XPS analysis was conducted on selected samples. A Thermo Scientific K-
Alpha instrument with a monochromated Al Kα radiation source of 1486.7 and a low energy 
Ar plasma flood gun was used for XPS analysis. The adventitious carbon (C 1s 285 eV) was 
used as a reference. Successive argon ion etching processes were utilised for depth profile 
experiments. 
3.3.4 Atomic force microscopy (AFM) 
A NanoScope IIIa Multimode AFM (Vecco, USA), operating under air-ambient conditions 
(20°C and 40 %RH) was utilised for performing AFM imaging of the SAW electrode/sensing 
film surface. AFM characterisation provided further insight on the surface morphology of 
SAW electrode/sensitive layers’ surfaces. 
3.4 Fabrication of QCM devices 
To study the Hg
0
 sorption capacity of different noble metals (i.e. Pd, Pt, Ag and Au), QCM 
based Hg
0
 vapour sensors were utilised (Chapter 5). The QCM based sensors were fabricated 
on AT-cut quartz substrate having a diameter and thickness of 7.5 mm and 166 µm, 
respectively. Either Pd/Pt/Ag/Au layer of 100 nm thickness with 10 nm Titanium (Ti) 
adhesion layer was deposited on both sides of the quartz substrate to function as the 
electrodes as well as the sensing layer simultaneously. The deposition was performed using 
the method described in Section 3.3. Both of the electrodes of a QCM were circular shaped 
with diameter of 4.5 mm, which were patterned by using a shadow mask. Photograph of a 
fabricated QCM-sensor can be observed from Figure 3.4a. 
 
Agilent E5100A network analyser was used to measure the frequency response and determine 
the quality factor of the fabricated sensors. Figure 3.4b shows the frequency response of the 
fabricated Au-QCM sensor at 2 kHz span around the centre frequency (9.920595 MHz). The 
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quality factor of the sensor can be calculated from the network analyser response, using 
Equation 3.2 [6].  
 
   
             
          
        (Equation 3.2) 
 
Where, ω = 2πf. The quality factor of the fabricated Pd-, Pt-, Ag- and Au-QCM were 
calculated as 5210, 5800, 6300 and 7600 (i.e. >2500), indicating the sensors are suitable for 
gas phase analysis. 
 
Figure 3.4: a) Photographic image [7] and b) Network analyser response of an Au-QCM 
based sensor. 
 
A Maxtek RQCM (10 MHz phase-locked oscillator, ±0.01 Hz resolution, Beaverton, OR) 
was used for tracking the oscillation frequency of the QCM-based sensor. The RQCM was 
calibrated before running the experiments in order to nullify the effects they have on the 
sensors’ response profiles [8]. 
3.5 SAW oscillator setup 
To setup the SAW oscillatory circuit, a radio frequency (RF) amplifier was connected in the 
feedback path of the SAW device. A frequency counter was used for tracking the oscillation 
frequency, as shown in Figure 3.5. The amplifier was designed and fabricated in 
collaboration with students and staff in School of Engineering, RMIT University.  
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Figure 3.5: Schematic representation of SAW oscillator setup. 
 
The amplifier was designed to keep the noise to a minimum level and with increased stability 
so that self-oscillation was kept at minimum. Keysight ADS software was used for the 
designing the amplifier circuit. Appendix B, Figure 1 shows the schematic of the developed 
amplifier. As shown, the amplifier was fabricated on PCB board and consisted of five 
identical stages with a high gain bipolar NPN RF transistor (Infineon BFS182) employed in 
each stage. After fabrication, the frequency response of the amplifier was measured using a 
Rohde & Schwarz (ZVRE) network analyser in order to ensure that the fabricated amplifier 
had enough gain to make the SAW oscillate. It was found that the amplifier had a gain of 
21 dB at an operating frequency of 150 MHz (Figure 3.6).  
 
Figure 3.6: Network analyser response of fabricated amplifier. 
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3.6 Hg
0
 testing setup 
All the sensors developed in this research program were tested for Hg
0
 vapour detection using 
a custom in-house built system. The system was utilised previously for QCM based Hg
0
 
vapour sensing [9] and was adapted for SAW sensors in this PhD research program. Safety 
procedures of RMIT chemistry laboratory was strictly followed throughout the experiment. 
Please refer to material safety datasheet for ‘mercury’ for specific information. A block 
diagram and photograph of the system setup is shown in Figure 3.7a and 3.7b, respectively. 
In this section the different parts of this experimental setup is briefly discussed. 
 
Figure 3.7: a) Block diagram [10] and b) photograph of the experimental setup used for 
mercury vapour detection testing 
3.6.1 Sensor chamber 
The sensor to be tested was kept inside a rectangular shaped chamber, as shown in Figure 3.8. 
The chamber was made of stainless steel and had a volume of ~100 ml. Typically the 
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chamber was kept under a dry nitrogen (N2) atmosphere in order to stabilise the sensors prior 
to any Hg
0
 vapour exposure. The sensor chamber temperature was controlled using a heater 
that utilised thermocouples inside the chamber as feedback. A back pressure regulator was 
utilised to control the pressure of the chamber while continuously monitored with a heated 
stainless steel pressure sensor (Swagelok). A total flow of 200 standard cubic centimetres per 
minute (sccm or mL/min) was kept constant during the entire experiment.  
 
Figure 3.8: Photograph of the sensor chamber 
 
It should also be noted that, the sensor chamber had a relatively higher electromagnetic 
feedthrough than the test circuit that was utilised for initial electrical characterisation of the 
device, as shown in Appendix B, Figure B2. This was due to the sensor chamber having a 
much longer path length between the BNC connectors (Point B of Figure 3.8) and the sensor 
mounting point (Point A of Figure 3.8). Additionally the RF feed-throughs used in the 
chamber were constructed from stainless steel and were mechanically welded in place which 
limited the chambers RF performance considerable when compared to the test circuit. This 
resulted in the frequency response characteristics of the SAW devices to deteriorate when the 
measurement were taken with the Hg chamber, as shown in Appendix B, Figure B3. 
3.6.2 Hg
0
 vapour generator 
A National Institute of Standards and Technology (NIST) certified permeation tube supplied 
from VICI, TX, USA was utilised to generate Hg
0
 vapour. Different concentrations of Hg
0
 
vapour ranging from 24 to 365 ppbv (0.21 to 3.26 mg/m
3
) were generated by controlling the 
temperatures (40 to 80°C) of the permeation tube. Table 3.3 provides the different Hg
0
 
vapour concentrations utilised for various experiments throughout this PhD work in ppbv and 
the equivalent in mg/m
3
 concentration level balanced in N2.  
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Table 3.3: List of Hg
0
 vapour concentrations 
Hg
0
 vapour 
concentration (in 
ppbv) 
Hg
0
 vapour 
concentration (in 
mg/m
3
) 
24 0.21 
51 0.45 
104 0.93 
142 1.27 
195 1.74 
265 2.38 
365 3.26 
 
To experimentally confirm the concentrations of the generated Hg
0
 vapour, the gas stream 
was first trapped in a series of four potassium permanganate (KMnO4) solutions just before 
entering the sensor chamber. Then the concentrations of trapped Hg
0
 vapour were analysed 
using inductively coupled plasma mass spectrometry (ICP-MS) (similar to EPA’s Ontario 
Hydro method). The concentrations reported by this method were found to be within ±5% of 
the values reported by NIST.  
3.6.3 Interfering gas species 
A multi-channel mass flow controller (MFC) system was utilised to control the flow of Hg
0
 
vapour, H2O vapour and of the different interfering gases tested without altering the total 
flow rate of 200 sccm. The ratio of the different gas species in the delivery stream was 
manipulated by switching gear and the bank of MFCs (MKS, USA) so that different 
concentrations/mixes of interfering gas species could be delivered to the sensor chamber, as 
shown in Figure 3.6a. The interfering gas species utilised in different studies were ammonia 
(NH3), acetaldehyde (MeCHO), ethylmercaptan (EM), dimethyl disulphide (DMDS) and 
methyl ethyl ketone (MEK), each supplied in separate cylinders. The concentrations of 
different interfering gas species utilised for different studies are listed in Section 3.7.4, 
Table 3.3. The cylinder gases were provided in G-size cylinder by Coregas, Australia. H2O 
vapour was generated using a V-Gen humidity generator (InstruQuest Inc.).  
3.7 Hg
0
 vapour testing pattern 
Various testing pattern were developed in order to test and analyse the performance of 
developed Hg
0
 vapour sensors, which are briefly discussed in following subsections. 
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3.7.1 Noise profiles and preconditioning 
The noise profile of each sensor was acquired during the sensor’s exposure toward dry N2 for 
30 minutes period at all operating temperatures and was utilised for the limit of detection 
(LoD) calculations. The preconditioning of a clean sensor surface was done by exposing it 
toward a certain Hg
0
 vapour concentrations for a period of 6-8 hours, as described in 
Chapter 4, Section 4.3. This was done for all the sensors tested at different operating 
temperatures in order to omit any heat treatment for full regeneration of the surface. 
3.7.2 Hg
0
 vapour pulse 
The Hg
0
 vapour testing was performed in a way so that after every 30 minutes of Hg
0
 vapour 
exposure without/with interfering gases, the sensor chamber was purged with 200 sccm of 
dry N2 for a period of 90 minutes (unless otherwise stated). The N2 purging was necessary for 
the desorption of the gas molecules from the surface of the sensor’s sensitive layer, and 
thereby regenerating the sensor. This whole 2 hours period (30 + 90 minutes) will be referred 
to as a pulse throughout this thesis. Figure 3.9 shows an example of a sensor’s dynamic 
response during a ‘pulse’ where it can be seen that the sensor showed negative frequency 
shift during the 30 minute Hg
0
 vapour exposure period while it started to recover during 
90 minute N2 purging.  
 
Figure 3.9: Dynamic response of a sensor during a ‘pulse’ that consists of 30 minutes Hg0 
exposure and 90 minutes Hg
0
 recovery (N2 purging) period. 
 
3.7.3 Hg
0
 sensing performance testing 
The calibration curve and temperature of each sensor in different temperatures was obtained 
by exposing them toward Hg
0
 vapour pulses with at least five different concentrations 
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between 24 to 365 ppbv. The operating temperature was varied between 35 and 105°C, 
depending on the sensor being tested. The repeatability of the sensors was investigated by 
repeatedly exposing the sensor toward the same Hg
0
 vapour concentration pulses multiple 
times.  
3.7.4 Selectivity testing 
The selectivity testing of the sensors was carried out by exposing Hg
0
 vapour along with the 
interfering gas species mentioned in Section 3.6.4. The testing pattern involved consecutive 
pulses of Hg
0
 vapour having the same concentration where alternative pulses were mixed 
with an interfering gas species. The concentrations of different interfering gases utilised in 
different studies are listed in Table 3.4. The concentrations of the common interference gas 
species used are much higher than their normal levels in an industrial environment (low ppbv 
levels) [10, 11]. The higher concentrations were chosen for testing in order to realise the 
developed sensor’s cross-sensitivity performance when operated under extreme 
environmental conditions [10]. 
Table 3.4: Final concentrations of interfering gas exposed to the sensor 
Interfering gas Concentration 
NH3 383.8 ppmv/ 120.1 ppmv 
MeCHO 303.4 ppmv 
EM 2.61 ppmv 
DMDS 5.01 ppmv 
MEK 40.1 ppmv 
Humidity 15300 ppmv (=50% RH at room temperature) 
 
3.8 Conclusions 
In this chapter, the general design, fabrication procedure and characterisation methods of the 
SAW devices are briefly discussed. ST-cut quartz was chosen as SAW substrate materials 
due to its better temperature stability and low-cost. The SAW devices were designed using 
Keysight ADS software while a combination of photo-lithography and wet-etching processes 
were utilised for fabrication. A RF amplifier was also designed and fabricated for 
constructing SAW oscillatory circuit. Furthermore, a set of QCM devices were also 
fabricated on AT-cut quartz substrate, which were utilised to study the Hg
0
 sorption capacity 
of different noble metals (Pd/Pt/Ag/Au). Electrical characterisation of fabricated devices was 
performed using a network analyser that allowed determining their quality. A custom built 
system was utilised for testing the developed sensors for their Hg
0
 vapour sensing 
performance.  Moreover, surface characterisation of unexposed and Hg-exposed samples was 
performed using SEM, AFM, EDX and XPS where required. 
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Chapter 4 
 
Chapter IV:  nvestigation of Hg0 sensing 
performance of an Au 
electrode based SAW sensor 
 
 
 
 
A SAW sensor can be employed for Hg
0
 vapour sensing either by making the interdigitated 
transducers (IDTs) electrodes active toward the toxin or by employing a dedicated 
sensitive layer in between the IDTs. In this chapter, the Hg
0
 vapour sensing performance of 
an Au electrode based SAW sensor is presented. The sensitivity, repeatability and 
selectivity performance of the sensor under different operating conditions is discussed. 
Analysis of developed sensor’s calibration curve trends, sorption/desorption rates, response 
time, recovery efficiency are demonstrated. A finite element method (FEM) model of Au 
electrode based SAW sensor is presented in order to analyse the Hg
0
 sensing 
characteristics of the developed sensor. Furthermore, surface and chemical characterisation 
of Au film surface is presented. 
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4.1 Au-electrode based SAW sensor 
As described in Chapter 2, a SAW sensor can be employed for Hg
0
 vapour sensing either by 
making the interdigitated transducers (IDTs) electrodes active toward the toxin or by 
employing a dedicated sensitive layer in between the IDTs. Although both of these design 
types have been investigated in this thesis, this chapter will mainly focus on SAW sensors 
with Au IDTs only (i.e. without a dedicated sensitive layer in delay path between the IDTs). 
As discussed in Chapter 2, electrical and mechanical perturbations of the IDT electrodes can 
influence the acoustic wave velocity (i.e. resonance frequency shift) as well as increase the 
second order effects such as triple transit interference, finger reflection and substrate edge 
reflections [1]. However, for a relatively low frequency device (i.e. ~131 MHz used in this 
study) the thicknesses of the electrodes are significantly thinner than their width. Therefore, 
the second order effects due to finger reflections can be neglected and any mechanical 
perturbations on the electrodes will mainly affect the resonance frequency of the device via a 
mass loading mechanism. In the current case, when the SAW based sensors is exposed 
toward Hg
0
 vapour, mass loading will occur on the Au electrodes due to the strong Hg-Au 
affinity and amalgam formation process. The added mass on the SAW device will therefore 
cause a negative shift in its resonance frequency and such shifts can be related to the Hg
0
 
vapour concentration exposed. From the only two known groups that have reported the 
performance of SAW based Hg
0
 vapour sensors, Jasek et al. [2] presented a SAW resonator 
with Au electrodes and reflectors for Hg
0
 vapour sensing applications. However, the study 
was brief and did not include in-depth investigation of the sensor performance under critical 
operating conditions (i.e. performance in the presence of interfering gas species) nor did it 
have any information regarding the sensor limit of detection (LoD), repeatability, response 
time, temperature profiles, calibration curves and sorption/desorption rates. These 
investigations are imperative in order to determine the feasibility of any SAW device for 
industrial applications. 
In this chapter, Hg
0
 vapour sensing performance of a newly developed Au electrode based 
two port SAW delay line sensor (as opposed to a resonator with reflectors studied by Jasek et 
al. [2]) is presented and analysed. The sensor employs the IDT electrodes as the sole sensing 
element without introducing any additional sensing layer in-between the transmitting and 
receiving IDT (see Chapter 2, Figure 2.4b) [3]. The developed Au-electrode based sensor was 
tested for detection of low concentrations of Hg
0
 vapour (<400 ppbv) in the presence of 
common interfering gases (i.e. ammonia (NH3), acetaldehyde (MeCHO), dimethyl disulphide 
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(DMDS), methyl ethyl ketone (MEK), ethyl mercaptan (EM)) and humidity at the operating 
temperatures between 35 and 75°C. Effect of operating temperatures on the Hg
0
 vapour 
sensing performance of the developed sensor is analysed in terms of sensitivity, selectivity, 
LoD, calibration curve trends, sorption/ desorption rates and response time. The study of such 
parameters allowed for determining the optimum operating temperature of the sensor. A FEM 
model was presented that provided further insight into the Hg sorption characteristics on the 
developed sensor. Surface characterisation comparison of non-exposed and Hg exposed Au 
surface were made and the effects mercury had on the surface was discussed. Furthermore, 
XPS depth profile analysis of Hg exposed Au film was also demonstrated in order to 
investigate the extent of diffusion of Hg
0
 atoms into the Au surface. 
4.2 Device fabrication and experimental setup 
A SAW delay line device with two ports was fabricated on a ST-cut quartz substrate, using 
the procedure described in Chapter 3, Section 3.1 [3]. A schematic of the fabricated sensor 
with it various design parameters can be seen in Figure 4.1. The sensor contained 180 
electrode finger pairs with all electrodes having a width and spacing of 6 µm, which resulted 
in acoustic wavelength (λ) of 24 µm. The aperture width (w) was 1700 µm for all electrodes 
and the delay line length was kept at 75λ. The electrodes were made of Ti/Ni/Au thin film (20 
nm of Ti, 30 nm of Ni and 50 nm of Au) [3]. The sensor was found to have an insertion loss 
of ~11 dB at its center frequency (~131 MHz). 
 
Figure 4.1: Schematic diagram of the fabricated Au-electrode based SAW sensor. 
 
The details of experimental setup for Hg
0
 vapour testing can be found in Chapter 3, Section 
3.6. The sensing performance of the developed sensor was tested by exposing it toward 
different Hg
0
 vapour concentrations in the range of 24-365 ppbv at different operating 
75λλ=24µm
180λ 180λ
ST Quartz
Gold 
Film
Au IDT Au IDT
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temperatures between 35-75°C. The selectivity tests involved exposing the SAW based 
sensor towards different concentrations of Hg
0
 vapour in the presence of 383.8 ppmv  NH3, 
303.4 ppmv MeCHO, 2.61 ppmv EM, 5.01ppmv DMDS, 40.1 ppmv MEK and 15300 ppmv 
humidity (RH= 50% at ambient temperature).  
4.3 Effect of Hg
0
 vapour exposure  
To analyse the effect of Hg
0
 vapour exposure on the developed SAW sensor’s resonance 
frequency, the sensor with clean Au surface was first exposed toward consecutive pulses of 
Hg
0
 vapour with same concentration (142 ppbv). Figure 4.2a shows the response of the sensor 
with fresh Au surface toward 142 ppbv of Hg
0
 vapour. It can be observed that the sensor 
showed a ~7300 Hz negative shift in resonance frequency for the first pulse of Hg
0
 vapour on 
the virgin gold. This high response/mass deposition relative to subsequent pulses is due to the 
Hg
0
 atoms undergoing excessive yet strong sorption process and Hg-Au amalgamation 
formation to reach saturation on the electrode surface [4-6]. Such sorption/amalgamation 
process results in the mechanical and acoustoelectric perturbations [7-9] of the Au electrodes 
and thereby results in the sensor’s oscillation frequency to change in accordance with the 
mass deposited or removed from the surface of the device electrodes. However, this shift in 
resonance frequency decreased significantly for subsequent pulses and became stable after 
four pulses of Hg
0
 vapour exposure. This was due to the low regeneration of the Au surface 
during the recovery phase (N2 purging) of the first Hg
0
 vapour exposure pulse. It can be seen 
from Figure 4.2a that the sensor exhibited only ~30% recovery when N2 was purged for 
90 minutes following the exposure of first Hg
0
 vapour pulse. This low regeneration for the 
first pulse however, was not unexpected given the high affinity to Hg
0
 toward Au [4-6] and 
the fact that previous studies have shown that it takes very high temperatures (up-to 750°C) 
to acquire the full regeneration of the noble metal’s surface [10, 11]. This actually indicates 
that the ~70% of diffused/amalgamated Hg
0
 atoms stayed into the Au film even after the 
recovery of first pulse. However, the recovery is increased to approximately ~90% for the 
subsequent pulses indicating that once saturation of the amalgam species is reached on the 
surface, only minute amounts of mercury adhere strongly to the surface in the subsequent 
exposure pulses. Hence, the higher recovery of the subsequent pulses is postulated to be due 
to the additional Hg
0
 atoms being loosely adhered to the surface and that any further 
diffusion/amalgamation is a slow limited process. In other words, the frequency shift for the 
later pulses were mainly due to the adsorption of Hg
0
 atoms on the Au surface rather than 
diffusion/amalgamation. Therefore, it was possible to obtain similar response magnitudes for 
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same Hg
0
 vapour concentration exposure for the subsequent pulses. In fact, as shown in 
Figure 4.2b, the final five pulses exhibited a significantly lower standard deviation of 42 Hz 
compared to the standard deviation of first four pulses (2371 Hz). Therefore it was decided 
that in order to use these SAW devices as sensor systems for Hg
0
 vapour, the first few pulses 
needed to be used as a precondition step at any operating temperature which will omit any 
heat treatment for full regeneration of the surface. This simple step allowed for the precise 
correlation between the sensors’ response magnitudes with the exposed Hg0 concentration 
regardless of the operating temperatures tested.   
 
Figure 4.2: a) Dynamic response and a) response magnitudes of the sensor with clean Au 
surface toward consecutive pulses of Hg
0
 vapour of same concentration (142 ppbv). 
 
4.4 Effect of Hg
0
 vapour concentrations exposed  
To analyse the developed sensor’s sensitivity toward different concentrations of Hg0 vapour 
at various operating temperatures, it was tested toward Hg
0
 vapour concentrations ranging 
from 24 to 365 ppbv at a range of temperatures between 35 and 75°C in 10°C increments. It 
was found that the resonance frequency of the sensor reduced to a greater extent with 
increasing Hg
0
 vapour concentration. For example, a frequency shift ranging between 
~650-2300 Hz was observed when the Hg
0
 vapour concentrations of 24-65 ppbv were 
exposed at 55°C, as shown in Figure 4.3. This was not unexpected given that the gas-solid 
equilibrium would shift toward more of the Hg
0
 vapour atoms interacting with the Au surface 
as the Hg
0
 vapour concentration is increased. It can also be observed from Figure 4.3 (yellow 
shaded area) that the sensor showed similar response magnitudes for repeated pulses of 
365 ppbv Hg
0
 vapour when exposed immediately after exposure toward changing Hg
0
 vapour 
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concentrations. This indicates that the developed sensor was able to differentiate between 
changing Hg
0
 vapour concentrations and produced reproducible results when exposed to 
repeated pulses of constant Hg
0
 vapour concentrations, as would be the scenario in industrial 
stack effluents.   
 
Figure 4.3: Dynamic response of the Au-electrode based SAW sensor toward different Hg
0
 
vapour concentrations (24-365 ppbv) when operated at 55°C. 
 
4.5 Effect of operating temperatures on sensor’s 
performance 
Operating temperature may affect different characteristics of the developed Au-electrode 
based SAW Hg
0
 vapour sensor. The effects of operating temperature on the developed 
sensor’s noise magnitudes, response magnitudes, LoD, response time and the 
sorption/desorption rates are discussed in the following subsections.  
4.5.1 Noise magnitudes 
To study the effect of operating temperature on the sensor’s noise magnitudes, the noise 
profiles of the sensor were acquired when the sensor was exposed toward dry N2 for thirty 
minutes period at various operating temperatures (refer to Chapter 3, Section 3.7.2). These 
noise profiles’ data were also utilised while calculating LoD of the sensor, as will be 
discussed in the subsequent section (Section 4.4). It was observed that the sensor exhibited 
higher noise magnitudes at elevated operating temperatures. This is thought to result 
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primarily from the temperature fluctuations (±0.3°C) of the temperature controller that was 
used in this study [3]. Figure 4.4 shows the noise profiles of the developed sensor at the 
operating temperatures of 35 and 75°C. It can be seen that the noise magnitudes of the sensor 
is relatively higher at 75°C compared to 35°C. This was not unexpected as ST-cut quartz 
substrate tends to show higher sensitivity to temperature fluctuations when operates at higher 
temperatures [12].  
 
Figure 4.4: Baseline noise profiles of the Au-electrode based SAW sensor while operating at 
35°C and 75°C. 
 
4.5.2 Response magnitudes 
To study the effect of operating temperature on the developed Au-electrode based sensor’s 
response magnitudes toward Hg
0
 vapour, the temperature profile was acquired and analysed 
(Figure 4.5). The temperature profile also allowed for determining the optimum operating 
temperature for the developed sensor. The profile was obtained by exposing the sensor 
toward Hg
0
 vapour pulses of different concentrations (24-365 ppbv) at various operating 
temperatures (in 10°C increments). It can be observed from Figure 4.5 that the sensor 
exhibited the highest response magnitudes toward Hg
0
 vapour when operated at 35°C and 
decreased substantially when the operating temperature was increased to 45°C. Overall, it can 
also be seen that insignificant response magnitude variations occurred for elevated operating 
temperatures (45 to 75°C). However, the sensor was found to show lower dynamic response 
for various Hg
0
 vapor concentrations at 65°C. That is, the response magnitudes of the sensor 
0 7 14 21 29
-200
-100
0
100
200
  
 
75°C
35°C
F
re
q
u
en
cy
 S
h
if
t 
(H
z)
Time (Mins)Time (min)
F
re
q
u
en
cy
 S
h
if
t 
(H
z)
61 
 
toward 104 and 142 ppbv of Hg
0
 was almost similar due to the surface getting saturated after 
exposure toward 104 ppbv of Hg
0
 vapour. 
 
Figure 4.5: Temperature profile of Au-electrode based SAW sensor showing temperature 
dependency of the sensor’s response magnitude toward the different concentrations of Hg0 
vapour tested. 
 
4.5.3 Limit of detection 
To determine the LoD of the sensor towards Hg
0
 vapour, the method of three standard 
deviations (as defined in Equation 4.1) was utilised in the noise profile of the Hg exposed 
sensor (see section 4.5.1) [3].  
 
                                       (4.1) 
 
In this equation, (Δf)blank and σblank are the total peak to peak response magnitude and standard 
deviation during dry N2 exposure, respectively. 
 
Similar to the response magnitude, the LoD toward Hg
0
 vapour was also found to be 
favourable at 35°C relative to all other operating temperatures tested (Table 4.1). The LoD of 
the sensor at different operating temperatures was observed to increase with increasing 
operating temperature and range between 0.7 and ~15 ppbv. This trend can be explained by 
the noise magnitudes of the sensor which were also found to increase with increasing 
operating temperature [3]. However, at 45 and 55°C, the sensor had very similar noise 
magnitudes (Appendix C, Figure C1) and sensitivity characteristics, thereby resulting in 
similar LoD of ~4.50 ppbv). However, from the operability perspective, the higher 
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temperature of 55°C is favoured over 45°C as the effect of cross-contamination from 
interfering gas species has been reported to reduce with increasing operating temperature 
when detecting mercury with mass-based sensors [3, 13]. Therefore the operating 
temperatures of 35 and 55°C were chosen for selectivity tests (Section 4.9) as the sensor has 
the lowest detection limit at 35°C while expected to have better selectivity towards low 
concentrations of Hg
0
 vapour at 55°C. It should be mentioned that the LoD may vary 
depending on the repeatability and selectivity of the sensor. That is, the sensor may show a 
worse LoD if significant cross-sensitivity effect occurs in the presence of interfering gas 
species. However, the blank noise profile was utilised to calculate the LoD of the sensor so 
that a comparison can be made between the sensors developed throughout this PhD work. 
 
Table 4.1: LoD of the Au-electrode based SAW sensor at different operating temperatures 
Operating Temp. (°C) LoD (ppbv) 
35 0.7 
45 4.5 
55 4.5 
65 8.2 
75 15.0 
4.5.4 Response time 
To analyse the effect of operating temperature on the response time of the developed Au-
electrode based SAW sensor, the t90 value was calculated for 365 ppbv Hg
0
 pulse at 35 and 
75°C. The term t90 is usually defined as the time required to reach 90% of the response signal 
of the equilibrium value of sorption/desorption phase of a sensing event [14]. However, in the 
calculations associated with this PhD work, the t90 was calculated by taking the time the 
sensors needed to reach the 90% of the peak response magnitudes when Hg
0
 vapour was 
exposed for a fixed period of time (30 minutes in this case). This was due to the fact that the 
noble metal surfaces such as Au or Ag may take more than 12 hours to reach its equilibrium 
once continuously exposed to Hg
0
 vapor [6, 15]. However, such a long turn-around time is 
not feasible for real-world sensing applications. This should also be mentioned that the 
developed sensor showed reproducible response magnitudes for a 30 minute exposure period 
even though not reaching saturation (Section 4.7). Figure 4.6 shows the t90 value of the sensor 
when 365 ppbv of Hg
0
 vapour exposed at 55°C while Table 4.2 lists the t90 value of sensor for 
same Hg
0
 vapour concentrations exposed at various operating temperatures. It can be 
observed that the response time of the developed sensor did not vary for operating 
temperature of 35 and 45°C (23.1 and 23.4 minutes, respectively). Furthermore, the response 
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time decreased slightly to 21 minutes when the operating temperature was increased to 55°C, 
however varied little when the operating temperature was further raised to 65 and 75°C.  
 
Figure 4.6: Response time of the sensor when 365 ppbv of Hg
0
 vapour was exposed at 55°C. 
 
Table 4.2: t90 of the Au-electrode based SAW sensor when exposed toward 365 ppbv of Hg
0
 
vapour at different operating temperatures 
Operating Temp (°C) t90 (min) 
35 23.1 
45 23.4 
55 21.0 
65 20.2 
75 20.6 
 
4.5.5 Sorption/desorption rates 
Figures 4.7a and 4.7b show the Hg
0
 sorption and desorption rates of the sensor, respectively, 
at three operating temperatures towards a pulse of Hg
0
 vapour concentration of 265 ppbv. The 
rates for each event were calculated by differentiating the sensor’s dynamic responses with 
respect to time [16]. It can be observed that the sensor reached its maximum sorption and 
desorption rates within only a few minutes before dropping back toward zero at a slow rate. 
This indicates that at the initial stage of Hg
0
 exposure phase the adsorption of Hg
0
 atoms on 
Au surface is significantly higher and the surface reaches its maximum Hg
0
 sorption rate in 
minutes. However, the sorption rate asymptotes toward zero as Hg
0
 atoms continuously 
diffuse slowly into the bulk of the Au lattice [14]. In case of the desorption phase, the loosely 
adsorbed Hg
0
 atoms on the surface are expected to desorb fast before the 
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amalgamated/diffused Hg
0
 atoms start to undergo slow desorption, thereby observing another 
asymptote behaviour in the desorption rates. It can also be observed from Figures 4.7a and 
4.7b that both maximum sorption and desorption rates decreased with increasing operating 
temperatures. An analysis of the ratio of maximum desorption to sorption rate showed that 
the ratio increased with increasing operating temperature (i.e. 0.38 and 0.49 at 35 and 55°C, 
respectively for 265 ppbv of Hg
0
 vapour). Furthermore the maximum desorption rate of a 
certain Hg
0
 vapour pulse is also observed to be significantly lower than the corresponding 
sorption rate regardless of the operating temperature. This indicates that the strong affinity 
and amalgamation process between Hg
0
 atoms and the Au surface makes the desorption 
process slower than the sorption process. 
 
Figure 4.7: a) Sorption and b) desorption rates of the developed Au-electrode based SAW 
sensor when tested toward 265 ppbv of Hg
0
 vapour at 35, 55 and 75°C (smoothed). 
 
4.6 Calibration curves and sensitivity 
To analyse the Hg
0
 vapour sensing capability and characteristics of developed Au-electrode 
based Hg
0
 vapour sensor, its calibration curves and the sensitivity were analysed. A FEM 
analysis was also performed in order to have further insight to the experimental observations 
made. 
4.6.1 Experimental observations 
The sorption response magnitudes of the developed SAW sensor towards different Hg
0
 
vapour concentrations tested was used to obtain the calibration curves at each operating 
temperature. It was observed that the sensor sorption response magnitudes were related to the 
Hg
0
 vapour concentrations (calibration curve) through the loading ratio correlation (LRC) 
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(also known as Langmuir extension isotherm) (Equation 4.2) at all operating temperatures 
tested. For example, Figure 4.8 illustrates the calibration curves obtained from the Hg
0
 
vapour sorption phase at the operating temperatures 55°C, respectively. It can be observed 
that the response magnitudes of the sensor toward different concentrations of Hg
0
 vapour 
followed the LRC with the coefficient of determination (R
2
) of 0.9794. As stated in 
Table 4.3, that the LRC exhibited high R
2
 values (>0.9681) at all operating temperatures 
tested. 
 
   
  [  ] 
    [  ]  
  .         (4.2) 
 
In Equation 4.1, Δƒ represents the SAW response magnitude, [Hg] represents Hg0 vapour 
concentrations exposed to the sensor, while a, b and c are constants varied with operating 
temperature (Table 4.3). 
.  
Figure 4.8: LRC fit for the calibration curves of Au-electrode based SAW sensor obtained 
during the exposure of different Hg
0
 vapour concentration pulses at 55°C.  
 
Table 4.3: LRC constants and coefficient of determination (R
2
) for Au-electrode SAW 
sensor at various operating temperature 
 35°C 45°C 55°C 65°C 75°C 
a 10459.8760 3281.3390 2934.0460 4507.5989 6347.7481 
b 0.0158 0.0166 0.0203 0.0259 0.0208 
c 0.5634 0.8053 0.8572 0.6211 0.5737 
R2 0.9980 0.9751 0.9794 0.9681 0.9892 
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The sensitivity (s) of the developed SAW sensor towards Hg
0
 vapour is presented in 
Equation 4.3, which is derived from the calibration curve (Equation 4.2). It was found that 
the sensitivity had a non-linear relationship with respect to the concentration of Hg
0
 vapour 
being measured. That is, the sensitivity is observed to decrease with increasing Hg
0
 vapour 
concentration. This indicates that the developed sensor is designed well to detect the lower 
range of Hg
0
 vapour concentrations thereby making it applicable to most industrial stack 
effluents. However, it should also be noted that the sensor may possess higher error range for 
lower Hg
0
 vapour concentrations as the frequency noise of the sensor can be assumed 
constant regardless of the exposed Hg
0
 vapour concentration. 
 
    
  
 [  ]
 
   [  ]   
    [  ]   
     .      (4.3) 
 
The sensitivity of the developed sensor at various operating temperatures was calculated 
using Equation 4.3, which was obtained from LRC curve. It can be observed from 
Figure 4.9a that the developed sensor had a sensitivity of 18.9 Hz/ppbv when 24 ppbv of Hg
0
 
vapour was exposed at 55°C, which is much higher than the sensitivity obtained when 
exposing 365 ppbv of Hg
0
 vapour (i.e. 1.3 Hz/ppbv) at the same operating temperature. It is 
also be seen from Figure 4.9b that the sensitivity of the sensor, in fact, decreased with 
increasing Hg
0
 vapour concentrations regardless of the operating temperature.  
 
Figure 4.9: a) Sensitivity of the developed Au-electrode sensor for different Hg
0
 vapour 
concentrations exposed at 55°C and b) Temperature profile of the developed sensor’s 
sensitivity. 
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It is quite clear that the consistency in the sensitivity behaviour observed at each operating 
temperature is a result of the same calibration curve (LRC) fitting in the experimental data for 
all operating temperatures. Therefore theoretical modelling could provide a better insight into 
the mercury sorption behaviour and the postulations that are made in the mathematical 
modelling can be confirmed given that a similar theoretical calibration curve is obtained from 
the simulations. Finite element method (FEM) simulation was employed to undergo the 
experimental/theoretical confirmations and is presented in the next section (Section 4.6.2). 
4.6.2 Finite element method (FEM) analysis 
In recent years, FEM simulations have been utilised by researchers to study the effect of 
electrode perturbation on the SAW devices’ response [17-20]. The thickness change and 
mass loading on SAW IDT electrodes were shown to have significant impact on the device’s 
resonance frequency behaviour [1, 18]. To analyse the SAW device behaviour when Au 
electrodes are exposed to Hg
0
 vapour, a series of FEM simulations were performed on a 
simplified SAW delay line model using a commercially available FEM package (COMSOL 
multiphysics 4.3b) [3]. As shown in Figure 4.10a, a simple 2D SAW delay line structure with 
two pairs of gold electrodes (each having defined dimensions of 6 µm length and 100 nm 
thickness) in both the input and output IDTs defined on a quartz substrate was considered for 
simulation. The length and height of the simulated structure was 1000 and 500 µm, 
respectively. Full time-dependent analysis (60 ns simulation time) was performed in order to 
obtain the dynamic response of the simulated device. For all simulations, an impulse voltage 
(described by Equation 4.4) was applied to the input electrodes where V+ and V- was applied 
to the odd and even electrodes, respectively [3].  
 
   {
          
        
                                        (4.4) 
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Figure 4.10: a) Simulated SAW delay line structures with 2 pairs of gold electrodes at both 
of the input and output IDTs placed on a quartz substrate. b) FEM mesh was used for all 
simulations. 
 
The voltage of both even and odd output electrodes was set to zero and were coupled as 
separate groups [3]. The initial displacement fields both in the X and Y directions (Ux and 
Uy) along with initial structural velocity field ∂U/∂t were set to zero while the edge of the 
substrate’s boundary was defined as a ‘free’ boundary. FEM meshes for all simulations were 
arranged by keeping a density of 48 nodes per wavelength along the surface. Relatively 
coarser node density was maintained in the depth of the substrate in an effort to reduce 
computation requirements. This trade-off is acceptable due to the expectation that the node 
density in the vertical axis does not greatly affect the simulation result if care is taken to 
reduce the mismatch between the denser and coarser regions throughout the depth of the 
substrate. Hence, the coarser meshing in the depth of the structure was arranged to reduce the 
number of elements and hence the simulation time. However, for the area immediately under 
the surface of the device a high node density of 24 per wavelength was employed in order to 
obtain accurate results. As shown in Figure 4.10b, the meshing arrangement allowed for 
much higher node densities at the surface, where a total of 36306 elements were required [3]. 
Details of simulated SAW structure parameters are listed in Table 4.4 while the material 
properties for quartz and unperturbed gold used in the simulation can be found elsewhere 
[21]. 
Table 4.4: Parameters of simulated SAW delay line structure 
SAW structure parameter Value 
Substrate Length  1000 µm 
Substrate Height  500 µm 
No. of Electrode pairs 2 (in both IDTs) 
Electrode Length 6 µm 
Electrode Height 100 nm 
Wavelength  24 µm 
Delay line length  54 µm 
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To study the effect of Hg
0
 exposure on the SAW device response, a series of simulations 
were performed by varying (between 1 and 50) the nominal number of Hg
0
 monolayers 
formed on the Au electrodes [3]. This was achieved by varying the effective mass density per 
area and the thickness of the Au electrodes according to the number of Hg
0
 monolayers, as 
shown in Table 4.5. These changes in the effective mass density and the thickness of the Hg 
loaded Au electrodes for various number of Hg
0
 monolayers were calculated based on reports 
that (i) each monolayer has a surface coverage of 469 ng/cm
2
 [22], (ii) the Hg
0
 atoms’ 
diameter are 0.342 nm [23] and (iii) the Hg
0
 atoms are diffused only up to an Au depth of 
10 nm from the surface [24]. For mercury coverage of 20 monolayers, it is postulated that 
both the effective mass density and the thickness of the Au electrodes are increased. At this 
coverage level, the process of diffusion and amalgamation is assumed to be significantly 
reduced due to the Au surface reaching saturation thereby resulting in the effective mass 
density change approaching a maximum value (Table 4.6) [4]. Thereon, any additional 
mercury is assumed to be loosely adsorbed and contributes to increase in film thickness 
alone. Following every simulation, the X-component of the displacement field (defined as ‘u’ 
in COMSOL multiphysics) at the starting point (point ‘P’ in Figure 4.10a) of the output IDT 
was acquired.  Figure 4.11a shows the X-component of the displacement field at point ‘P’ at 
different times for both the unperturbed Au electrodes and Au electrodes containing 
50 monolayers of Hg content. The surface plots for total piezoelectric displacement under the 
IDT area for both unperturbed and loaded Au electrodes can be seen from Figures 4.11c and 
4.11d, respectively. As shown, the displacement field was delayed as the Hg
0
 molecules were 
diffused into the Au electrodes. The difference in time delay was determined by taking the 
difference between the times required for the acoustic wave to just reach the output IDT 
when different conditions are applied to the electrodes. The time delay in displacement field 
can be directly related to the resonant frequency change of the SAW device. As stated in 
Table 4.5, the time delay in the displacement field varied between 0.0067 to 0.1845 ns for 1 
to 50 Hg
0
 monolayer formations on the Au electrodes. It was observed that the relationship 
between the time delay shifts followed the LRC when using the number of monolayers 
formed as the variable parameter (Figure 4.11b). Interestingly the trend of sensor’s 
calibration curve fitting well with the LRC matches the data obtained during the SAW 
experimental results presented in section 4.4.1 and further confirms that the developed Au 
electrode based SAW sensor can be well suited for detection of low concentrations of Hg
0
 
vapour since higher dynamic response differences can be obtained between relatively lower 
concentrations of Hg
0
 vapour [3].   
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Figure 4.11: a) Time delay between the X-component displacement for the SAW structure 
simulated with a clean Au electrode and with an Au electrode having equivalent to 
50 monolayers of Hg
0
 atoms. b) LRC fit for time delay in the displacement field against 
different number of monolayers formed on the Au electrodes. c) Surface plot showing the 
total piezoelectric displacement under the IDT area of the SAW structure for unperturbed Au 
electrodes and d) Au electrodes with equivalent of 50 Hg
0
 monolayers. 
 
Table 4.5: The time delay calculated from FEM simulation obtained for different numbers of 
monolayers adsorbed/diffused on the Au electrode 
No. of Hg0 
Monolayers  
Effective Au mass density 
(g/cm3) 
Effective Au Electrode 
Thickness 
(µm) 
Time Delay 
(ns) 
1 19.77 0.100342 0.0067 
2 20.24 0.100684 0.0141 
3 20.71 0.101026 0.0207 
4 21.18 0.101368 0.028 
5 21.65 0.101710 0.0347 
10 23.99 0.103420 0.0708 
20 28.68 0.106840 0.1452 
30 28.68 0.110260 0.1579 
40 28.68 0.113680 0.1709 
50 28.68 0.117100 0.1845 
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4.7 Sensor repeatability 
The repeatability of the developed sensor was tested by comparing the response magnitudes 
of the sensor towards 6 Hg
0
 vapour pulses, all having the same concentration of 365 ppbv [3]. 
To compare the repeatability of the developed SAW sensor at two different operating 
temperatures (35 and 55°C), the coefficient of variances (CoV) (Equation 4.5) was calculated 
using the sensor’s response magnitudes from the pulse series. The CoV is a measurement of 
the spread of a dataset around its mean and is therefore a good indication of the sensor 
repeatability [25]. A lower value of CoV is an indication of better repeatability of the sensor 
(i.e. repeatability = 100% - CoV). The mean or average response magnitude (ΔfHg(avg.)) and 
standard deviation ( ) of the sensor response can be calculated using Equation 4.6 and 
Equation 4.7, respectively [3]. 
 
    
 
          
       ,      (4.5) 
           
     
 
  ,        (4.6) 
  √
 (              )
 
   
  ,        (4.7) 
 
where ΔfHg represents the sensor’s response magnitude for each Hg
0
 vapour pulse, ΔfHg(avg.) is 
the average response magnitude of the repeated Hg
0
 vapour pulses and n is the total number 
(6 in this case) of Hg
0
 vapour pulses. It was found that the sensor’s response magnitude for 
the six repeated pulses varied by around ~3% (otherwise referred to as 97% repeatability) 
while measuring 365 ppbv of Hg
0
 vapour at 35 and 55°C (as shown in Figures 4.12a, 4.12b), 
indicating that the developed sensor had excellent repeatability at both operating 
temperatures tested.  
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Figure 4.12: a) Developed Au-electrode based SAW sensor’s response over six repeated 
pulses of 365 ppbv Hg
0
 vapour at 55°C and b) calculated repeatability (indicated by 
100%-CoV) of the sensor for the six repeated pulses of 365 ppbv Hg
0
 vapour at 55 and 35°C. 
The dashed line (along 100% normalised response magnitude) indicates the average response 
magnitude of the sensor for the repeated pulses. Normalised response magnitudes (in %) were 
calculated by taking the ratio of individual response magnitudes to that of the average 
response magnitude over the six Hg
0
 pulses (Δf/Δfavg × 100%). 
4.8 Selectivity toward Hg
0
 vapour sensor 
The selectivity of the developed SAW sensor towards Hg
0
 vapour was tested by exposing the 
sensor towards different concentrations of Hg
0
 vapour in the presence of common interfering 
gas species present in industrial environments [3]. The concentrations used for different 
interfering gases are listed in Section 4.2.  
 
An example of a selectivity test for tested Hg
0
 vapour concentration of 365 ppbv at an 
operating temperature of 55°C is shown in Figure 4.13. The tests involved exposing the 
sensor to a series of Hg
0
 vapour pulses and introducing one or more interfering gas species 
(NH3, MeCHO, EM, DMDS, MEK and H2O vapour) in addition to Hg
0
 vapour in each 
alternative pulse. It can be observed from Figure 4.13 that the sensor exhibited almost similar 
response toward Hg
0
 vapour and Hg
0
 vapour along with the interfering gas species. To be 
precise, a CoV of 4.4% was calculated when 365 ppbv of Hg
0
 vapor was exposed without and 
with the presence of interfering gas species, which is slightly higher than the CoV observed 
in the case of repeated measurement of Hg
0
 vapour (3%, as discussed in Section 4.7). This 
indicates that the sensor’s selectivity toward Hg0 vapor might be affected slightly in the 
present of interfering gases.  The selectivity of the developed SAW based Hg
0
 vapour sensor 
can be determined by the difference (δf) between the average response magnitudes for Hg0 
vapour and the response magnitudes for Hg
0
 vapour + interfering gas species (Equation 4.7). 
This allowed the corresponding CoV to be taken into account, which may lead to a certain 
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uncertainty into the selectivity values. The selectivity efficiency (η) of the sensor was 
calculated by using Equation 4.8. 
 
       (
  
(   )    
   
(          )
 
  (   )    
)                (4.8) 
          |  |              (4.9) 
 
In Equation 4.6,   (   )
    
 represent the sensor’s average response magnitude towards Hg0 
vapour and   (          ) is the sensor’s response magnitude toward Hg
0
 vapour in the 
presence of interfering gases. 
 
Additionally, it can be observed from Figure 4.13 that the sensor showed little difference in 
response magnitudes when interfering gas species were exposed along with 365 ppbv of Hg
0
 
vapour regardless of the operating temperature [3]. As shown in Table 4.6, the sensor’s 
response magnitudes for the Hg
0
 vapour along with interfering gas species (dry conditions) 
event differed by up-to 11% (i.e. Selectivity efficiency = 89%)  from the average of the 
response magnitudes for the events where Hg
0
 vapour with no interfering gas species was 
introduced at 35°C. It can be realised that the sensor exhibited better selectivity for all tested 
interfering gases when the operating temperature was increased from 35 to 55°C with up-to 
6.5% difference (i.e. Selectivity efficiency = 93.5%) between the response magnitudes for 
Hg
0
 vapour and Hg
0
 vapour + interfering gas species. Furthermore, the sensor showed much 
higher response (false spikes of several kHz) towards Hg
0
 vapour when in the presence of a 
humidity level of 15300 ppmv (equivalent 50% RH at 35°C) at the operating temperature of 
35°C. As shown in Appendix C, Figure C2, the sensor showed almost double the response 
magnitudes (>200% difference) when humidity was introduced with 365 ppbv of Hg
0
 vapour 
at 35°C compared to Hg
0
 vapour exposure alone. However, the selectivity of the sensor 
toward Hg
0
 vapour improved significantly when the same humidity concentration was 
present at 55°C. As shown in Table 4.6, the developed sensor showed a response magnitude 
difference of 7.6% (i.e. selectivity efficiency=92.4%) for Hg
0
 vapour exposure in the 
presence of H2O vapour. This observation is in agreement with past studies which have 
shown that mass based Hg
0
 vapour sensors (i.e. QCMs) exhibit better selectivity toward Hg
0
 
vapour at relatively higher operating temperatures [26]. It is postulated that the sensor 
stopped working as a selective Hg
0
 vapour sensor at the lower tested operating temperature of 
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35°C in humid conditions due to the dew point (23°C) being relatively closer to the operating 
temperature. This has likely resulted in water molecules condensing on the IDTs which 
thereby producing meaningless and abrupt frequency changes in the sensor response profiles, 
thus it was not possible for the developed SAW sensor to detect Hg
0
 vapour in the presence 
of such high humidity content at the lower operating temperature of 35°C. The higher 
selectivity of the sensor observed at the elevated operating temperature is postulated to be due 
to the relatively higher vapour pressure of H2O at 55°C and the fact that this temperature is 
relatively much higher than the dew point (23°C) thus ensuring that most of the H2O 
molecules remained in the gaseous form and did not condense onto the sensor surface [3].   
 
Figure 4.13: a) Dynamic response of the Au-electrode based SAW sensor for different 
interfering gases exposed in the presence of 365 ppbv of Hg
0
 vapour at an operating 
temperature of 55°C. In this figure, A = 383.8 ppmv NH3, B = 303.4 ppmv MeCHO, C 
= 2.61 ppmv EM, D = 5.01 ppmv DMDS, E = 40.1 ppmv MEK and F = 15300 ppmv humidity 
(RH= 50% at room temperature). 
 
Table 4.6: Selectivity of Au-electrode based SAW sensor toward Hg
0
 vapour (365 ppbv) 
when exposed with interfering gas species of industrial relevance. 
Tested interfering gases along 
with Hg0 vapour 
Response magnitude 
difference (%) 
 
Selectivity Efficiency 
(%) 
 35°C 55°C 35°C 55°C 
NH3 8.1 6.3 91.9 93.7 
MeCHO 9.9 4.3 90.1 95.7 
EM 8.8 4.6 91.2 95.4 
DMDS 6.8 2.6 93.2 97.4 
MEK 11.0 6.5 89.0 93.5 
H2O vapour >-200% -7.6 0 92.4 
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4.9 Investigation of surface morphology of Au film  
The SEM and AFM images of Au film surface before and after Hg
0
 vapour exposure 
experiments were performed in order to investigate the surface morphology of the Au surface 
that is formed due to the electron beam evaporation conditions as well as any changes that 
may have occurred following Hg
0
 vapour sensing experiments. Furthermore, XPS surface 
and depth-profiling analysis allowed for studying the surface mercury state and diffusion 
behaviour of Hg
0
 atoms into the Au surface.  
4.9.1 SEM characterisation  
SEM images of a clean Au and Hg-exposed Au film surface are shown in Figure 4.14a and 
4.14b, respectively [27]. It can be observed from Figure 4.14a that the unexposed Au surface 
(electron beam evaporated) contains distinctive 30-40 nm island type structures with grain 
boundaries. The island type structures were found to be transformed from its original 
structure on the Au film surface that went through continuous Hg
0
 exposure for more than 
two months and their sizes increased to 60-70 nm, as shown in Figure 4.14b. This 
phenomenon agrees with previous studies where it was found that the island type structures 
agglomerated and formed random bigger islands on an Au film exposed to Hg
0
 vapour [4]. 
This agglomeration process has previously been reported to reduce the roughness of Au thin 
films [14, 28]. The evidence of this process can be seen with the changed morphology having 
some of the original islands not having reached complete restructuring (red circled areas in 
Figure 4.14b) and maintains some of the features seen in Figure 4.14a. It should be noted that 
this transformation in the Au surface is highly dependent on the amount and time of Hg
0
 
vapor exposure the surface has gone through. 
 
Figure 4.14: SEM images of the a) clean and b) Hg exposed Au film surface. 
a) b)
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4.9.2 AFM characterisation 
The AFM images of Au surface from before and after Hg
0
 exposure (Figures 4.15a and 
4.15b, respectively) showed that the mean roughness of the surface had a marginal decrease, 
from ~1.4 to ~1.3 nm, after the Hg
0
 exposure experiments [29]. Another important 
observation that can be made from AFM characterisation is that the average maximum height 
of the Au nanostructured islands decreased following the Hg
0
 vapour sensing experiments, 
indicating that Hg
0
 exposure reduces the overall roughness of the surface and reveals islands 
thus agreeing with studies reported earlier [4, 24, 30].  
 
Figure 4.15: AFM images of the Au-surface a) before and b) after Hg
0
 vapour sensing 
experiments.  
4.9.3 Depth profile studies 
To determine the extent of diffused mercury atoms into the Au surface, XPS depth profiling 
was employed [31]. Figures 4.16a and 4.16b show the core level binding energies of Au 4f 
and Hg 4f of the Au IDT electrode on the SAW-based sensor after Hg
0
 vapour experiments. 
The Au 4f7/2 binding energies at 84.2 eV is related to Au
0
 core levels while Hg 4f7/2 core 
binding energies at 100.4 eV is attributed to the metallic mercury [13, 26, 32-34]. The depth 
profile of the IDT in the SAW-based sensor is shown in Figure 4.16c. The first (blue shaded 
area) section of the depth profile shows the atomic percentage of the different metal species 
on the surface of the Au electrode (no etching). It is interesting to observe that the atomic 
percentage of Hg rose to a peak before decreasing to a stable level. The initial raise (or lower 
surface Hg content) is postulated to be a result of the desorption of loosely adsorbed surface 
Hg
0
 atoms which would have easily been desorbed from the surface due to the low operating 
pressure of the XPS instrument [35]. Thereon the mercury concentration was observed to 
decrease at each incremental etching stage of the depth profiles in the sample, which was 
attributed to the diffusion of the mercury into the IDT. It can be observed that Hg diffused 
X, Y= 0.5 µm/div
Z= 20 nm/div
X, Y= 0.5 µm/div
Z= 50 nm/div
a) b)
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through approximately half way through the Au electrode thickness (35 etch levels) after 
4 weeks of Hg
0
 vapour sensing experiments. In the last section (magenta shaded area above 
55 etch level) of the depth profile, the Au atomic percentage started to decrease drastically as 
Ni core level peaks from the bottom layer appeared in the depth profile indicating the 
complete etching of the Au layer of the electrode. It was found that the total 57 etch levels 
referred to Au layer of 50 nm thickness which indicates that the mercury diffused a total of 
~30 nm through the Au surface. However, this depth at which mercury diffuses in Au film 
may vary with different concentrations and exposure times. For example, Battistoni et al. [5] 
has previously shown that Hg
0
 atoms had diffused through ~10 nm depth of Au film when 
exposed toward Hg
0
 vapour with less than 0.9 mg/m
3
 (~100 ppbv) concentrations  while Sabri 
et al. [36] found that Hg
0
 diffusion had occurred through the whole depth of a ~40 nm thick 
Au film following exposure toward a much higher concentrations of Hg
0
 vapour 
(10.55 mg/m
3
 or ~1180 ppbv).  
78 
 
 
Figure 4.16: XPS spectra of a) Au 4f and b) Hg 4f core levels for Hg
0
 vapour exposed Au 
electrodes deposited on the SAW-based sensor c) XPS depth profile of Au electrode analysed 
for atomic percentage Au, Hg and Ni. 
 
4.10 Summary and conclusions 
In summary, a SAW sensor employing gold IDTs as the sensing elements was developed and 
tested for selective detection of low concentrations (low ppbv levels of 24-365 ppbv) of Hg
0
 
vapour in the presence of NH3, VOCs and high humidity content at a range of operating 
temperatures ranging between 35 to 75°C. Detailed experiments and analysis were performed 
in order to determine the sensitivity, sorption/desorption behaviours and rates, temperature 
profiles, LoD and the selectivity of the sensor. Surface characterisation studies were also 
carried out in order to analyse the change in surface morphology of the Au surface due to Hg
0
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vapour exposure. Several major observations were made throughout this study, which are 
briefly discussed below: 
 The operating temperature has significant effects on sensor’s sensitivity toward Hg0 
vapour exposure. Generally, it was observed that the response magnitudes of the 
sensor for different Hg
0
 vapour concentrations exposure decreases as operating 
temperature increases. Furthermore, the noise magnitudes of the sensor were found to 
increase with operating temperatures. These two factors combined affected the LoD 
of the sensor at different operating temperature. For example, the sensor showed a 
LoD of 0.7 ppbv when operated at 35°C, however the LoD increased to 4.5 ppbv at 
55°C. The response time and recovery efficiency of the sensor was found to be little 
affected by the operating temperatures. For instance, the sensor exhibited a response 
time (i.e. t90) of 23 and 22 minutes when 365 ppbv of Hg
0
 vapour was exposed at 35 
and 75°C, respectively. An average recovery efficiency of 95 and 97% was observed 
when the sensor was operated at 35 and 75°C, respectively. These high recoveries are 
attributed to the SAW pre-conditioning procedure for SAW devices introduced in this 
PhD project. 
 The sorption response magnitudes of the developed SAW sensor towards different 
concentrations of Hg
0
 vapour fitted well with the LRC. This indicated that the 
developed Au-electrode based SAW sensor had higher dynamic range (good 
differentiation) toward lower Hg
0
 vapour concentrations. FEM analysis showed that 
the LRC fit is due to the fact that the Au surface gets saturated faster when 
significantly large amount of Hg
0
 content is exposed. Furthermore, the sensitivity of 
the sensor was found to be non-linear and decreased as the Hg
0
 vapour concentration 
increased at each operating temperature tested. 
 The analysis of sorption and desorption rate data indicated that at the initial stage of 
Hg
0
 exposure phase, the adsorption of Hg
0
 atoms on Au surface is significantly higher 
and the surface reaches its maximum Hg
0
 sorption rate in just a couple of minutes. 
The maximum sorption rate quickly drops as Hg
0
 atoms start to diffuse slowly into the 
bulk of the Au lattice. Furthermore, the sensor also reached its maximum desorption 
rate as quickly which is attributed to the loosely adsorbed Hg
0
 atoms on the surface 
initially desorbing at a fast rate before the amalgamated/diffused Hg
0
 atoms start to 
undergo slow desorption. The sorption and desorption rates of the developed sensor 
were found to decrease with operating temperature. Furthermore, it was observed that 
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the desorption process was much slower than the sorption process due to the strong 
affinity and amalgamation between Hg
0
 atoms and the Au surface.  
 It was also found that there is a trade-off in the operating conditions to be chosen such 
that although the sensitivity of the developed SAW sensor decreased with increasing 
temperature, the selectivity towards Hg
0
 vapour in fact increased. The sensor was not 
shown to operate well in high humidity environments until it was operated at elevated 
temperatures above 55°C. In this context, 55°C was chosen as the optimum operating 
temperature for developed Au-electrode based SAW sensor as the sensor was found to 
simultaneously have excellent sensitivity, repeatability and selectivity towards Hg
0
 
vapour among common interfering gases both in dry and humid conditions.  
Moreover, the high sensitivity, repeatability and selectivity performance observed was 
achieved without the Au-electrode based SAW sensor requiring any external heat source or 
change in the total flow rate during the regeneration step. This was due to the prescribed pre-
treatment process that was performed on the sensor. The promising results make this sensor a 
potential solution for detecting low concentrations of Hg
0
 vapour in industrial stack effluents 
where the presence of other volatile gas species and high humidity levels are very common. 
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Chapter 5 
 
Chapter V:  Investigation of Hg
0
 sensing 
performance of an Ag 
electrode based SAW sensor 
 
 
 
 
A silver (Ag) electrode based SAW sensor is developed and investigated for Hg
0
 vapour 
sensing. The developed Ag electrode based SAW sensor was analysed for important 
parameters such as sensitivity, surface recovery, sorption rates, limit of detection, effects of 
operating temperature and selectivity. The surface chemical composition changes of the Ag 
thin film due to Hg
0
 vapour exposure are also discussed in this chapter.  
 
 
 
 
 
 
 
 
 
85 
 
5.1 Silver (Ag) surface for Hg
0
 sensing 
As previously discussed in Chapter 2, the change in resonance frequency of a SAW sensor 
due to the perturbation on its sensing surface is dependent on film density and thickness 
(Equation 2.2). Therefore the sensing film/electrode material should be designed to enhance 
the gas detection performance. However, all SAW based Hg
0
 vapour sensors reported prior to 
this research program are based on Au-thin films [1, 2]. In fact, most of the micro-scale 
sensors utilised for Hg
0
 vapour sensing are either based on Au-thin films [3-8] or Au-based 
nanostructures [9-12].  Interestingly, other noble metals such as silver (Ag), palladium (Pd) 
and platinum (Pt) are although widely known for their high Hg amalgamation/adsorption 
capability [13-15], however have not been widely utilised for Hg
0
 vapour detection. This is 
quite surprising given that like Au films, Ag for example also undergo similar surface 
morphological changes (i.e. island growth) when they are exposed to Hg
0
 vapour [13]. 
Furthermore, as a part of the current research program, the author compared the Hg
0
 sorption 
capacity of noble metals such as Pd, Pt, Ag and Au by employing the mass based QCM 
transducer technique (see Section 5.3). The results obtained from the study indicated that the 
Ag has superior Hg
0
 sorption capacity than other noble metals investigated, thereby 
encouraging the author to implement Ag surface on SAW devices for Hg
0
 sensing 
application. Furthermore, Ag would be preferred over Au (and the other noble metals) when 
considering its relatively lower cost and availability.  
In this chapter, Hg
0
 vapour detection performance of an Ag electrode based SAW sensor is 
investigated. The developed sensor was extensively tested toward Hg
0
 vapour concentrations 
ranging between 24 to 365 ppbv under different simulated operating conditions which were 
designed to resemble industrial environment such as alumina refinery process and effluent 
conditions. That is, the sensor was tested for its mercury sensing performance in the presence 
of common industrial relevant such as ammonia (NH3), acetaldehyde (MeCHO), ethyl 
mercaptan (EM), dimethyl disulphide (DMDS), methyl ethyl ketone (MEK) and humidity at 
operating temperatures ranging from 35°C to 105°C. The mercury sensing performance (i.e. 
sensitivity, limit of detection (LoD), calibration curves, repeatability, recovery efficiency, 
temperature profile, selectivity etc.) of the developed sensor is analysed and discussed in 
detail. The surface morphology and chemical composition changes that occurred on the Ag 
thin film surface after Hg
0
 vapour exposure was also investigated. 
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5.2 Device fabrication and experimental Setup 
A SAW delay line device with the same design parameters stated in Chapter 4, Section 4.2 
was fabricated on a ST-cut quartz substrate [14]. The sensor consisted of 180 electrode finger 
pairs with all electrodes having a width and spacing of 6 µm (i.e. λ= 24 µm). The aperture 
width (w) was set at 1700 µm and the delay line length was kept at 75λ. The electrodes were 
made of Ag thin film of 100 nm thickness on top of 10 nm thick Ti adhesion layer. The 
presence of the adhesion layer was thought to keep the Ag film intact from major 
morphological changes upon Hg
0
 vapour exposure. The developed Ag based SAW sensor 
was found to have an insertion loss of 8 dB at its center frequency (~131 MHz). Interestingly, 
the insertion loss of the sensor was found to be comparatively lower than the Au-electrode 
based SAW sensor with similar design parameters (presented in Chapter 4), which was 
postulated to be due to the lower mass density of the Ag (10.5 g/cm
3
) over Au (19.3 g/cm
3
). 
A schematic of the fabricated SAW device is presented in Figure 5.1. 
 
Figure 5.1: a) Schematic diagram of the fabricated Ag-electrode based SAW sensor. 
 
For the preliminary Hg
0
 vapour sorption capacity study of the four different noble metals (Pd, 
Pt, Ag and Au) discussed above, four QCM devices were fabricated with each metal 
deposited as the sensitive layer on each QCM. The metals were deposited on AT-cut quartz 
substrate of 7.5 mm diameter and 166 µm thickness, using the procedure described in 
Chapter 3, Section 3.4. Briefly, A 10 nm Ti adhesion layer, followed by a 150 nm thin-film of 
either Pd/Pt/Ag/Au was deposited on the both sides of each substrate. The total mechanical 
surface area of the QCMs was 0.32 cm
2
. The quality factor of the Pd-, Pt-, Ag- and Au-
QCMs were measured to be ~5500, ~5700, ~5500 and ~5900, respectively. 
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Following the study of Hg
0
 sorption and sensing capability of the metals, the detailed Hg
0
 
vapour sensing experiments of the best performing metal was performed with a SAW based 
sensor. A range of Hg
0
 vapour concentrations between 24 to 365 ppbv was utilised for tests 
conducted at operating temperatures between 35 to105°C. To test the cross-sensitivity 
performance of the sensor pulses containing 120 ppmv NH3, 303.4 ppmv MeCHO, 2.61 ppmv 
EM, 5.01ppmv DMDS, 40.1 ppmv MEK or 15300 ppmv humidity (50% RH at room 
temperature) were exposed to the sensor with the Hg
0
 vapour.  
5.3 Hg
0
 sorption and desorption capacity of noble 
metals 
To compare the Hg
0
 sorption and desorption capacity of Pd, Pt, Ag and Au surfaces, four 
different QCMs having one of the metals as the electrodes were exposed toward 365 ppbv of 
Hg
0
 vapour for a period of 12 hours, followed by 12 hours of dry N2 gas purging for 
desorption of loosely adhered Hg
0
 atoms. The accumulated mass of Hg
0
 atoms on the 
electrodes’ surface was then calculated from the frequency shifts of the QCM, taking into 
account that the QCMs had a sensitivity of 4.39 ng·cm
-2
·Hz
-1
 [16]. As shown in Figure 5.2a, 
it was observed that the Pd, Pt, Ag and Au surface adsorbed/amalgamated 1997, 645, 7854 
and 1880 ng/cm
2
 Hg
0
 content, respectively when 365 ppbv of Hg
0
 vapour was exposed for a 
12 hour period. This indicates that the Hg sorption capacity of Ag surface is 293, 317 and 
1118% higher than the Pd, Au and Pt surfaces under the conditions used. However, during 
the desorption process, the Au surface showed a higher recovery (~31%) than the Ag surface 
which had exhibited a recovery of only ~20%. On the other hand, the recovery of Pd and Pt 
surface during the 12 hour desorption process was found to be significantly lower, with the 
Pd- and Pt-QCMs showing ~10 and 8% recovery, respectively. It can be observed from 
Figure 5.2b that that the a 12 hours recovery period (i.e. N2 purging) allowed Pd, Pt, Ag and 
Au electrode surfaces to desorb 191, 54, 1599 and 589 ng/cm
2
 of adsorbed/amalgamated of 
Hg
0
 content, respectively.  
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Figure 5.2: Hg
0
 a) sorption and b) desorption capacity of Pd, Pt, Ag and Au surface. 
 
To analyse if the relatively different recovery efficiencies of each metal affect their sensing 
performance when used on SAW based sensors, it was necessary to investigate the extent to 
which each metal surface can differentiate between the Hg
0
 vapour concentrations of interest. 
To do that, the Pd-, Pt-, Ag- and Au-QCMs were exposed toward consecutive pulses of 24, 
51, 104, 195 and 365 ppbv of Hg
0
 vapour at the same operating temperature of 35°C. Among 
the four metals, the Ag-QCM was observed to show highest response magnitudes toward 
different concentrations of Hg
0
 vapour and was able to differentiate between the Hg
0
 
concentrations tested with large dynamic range, as can be seen from Figure 5.3a and 5.3b. It 
can also be observed that the Pd-, Pt-, Ag- and Au- QCMs exhibited 3-17 Hz, 1-7 Hz, 25-
185 Hz and 16-50 Hz response magnitudes toward 24-365 ppbv of Hg
0
 vapour, respectively. 
More importantly, the Ag-QCM showed an identical calibration curve (response magnitude 
Vs. Hg
0
 vapour concentration) to all other metal surfaces tested. This indicated that the Ag 
surface was indeed capable of Au surface like Hg
0
 sensing properties even though having 
lower recovery efficiency than an Au surface. Given that in general SAW devices are >100 
times sensitive than QCM devices, a Ag film based SAW sensor was fabricated in order to 
determine its feasibility as Hg
0
 vapour based sensor as well as to undergo in-depth study of 
the interaction of Hg
0
 vapour with the Ag sensitive surface.  
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Figure 5.3: a) Dynamic response of the developed Pd-, Pt-, Ag- and Au-QCM sensors 
toward different concentrations of Hg
0
 vapour (24-365 ppbv exposed at 35°C; 
b) Corresponding calibration curves of the developed QCM sensors. 
 
5.4 Effect of operating temperature on Ag-electrode 
based SAW sensor’s performance 
Effect of the operating temperatures on developed Ag-electrode based SAW Hg
0
 vapour 
sensor’s performance in terms of sensitivity, LoD, recovery, response time and 
sorption/desorption rates are discussed in the following subsections. 
5.4.1 Response magnitudes 
Prior to Hg
0
 vapour sensing experiments; a pre-conditioning process was first performed on 
the sensor by utilising a similar method described in Chapter 4, Section 4.3. Briefly, the 
process involved the exposure of the clean Ag surface toward four consecutive pulses of 
24 ppbv of Hg
0
 vapour. Thereon, to test the developed Ag electrode based SAW sensor’s Hg0 
vapour sensing capability at various operating temperatures, the dynamic response data for 
different Hg
0
 vapour concentrations (24-365 ppbv) exposed at various operating temperatures 
(35-105°C) was obtained [14]. The dynamic response of the device toward the various 
concentrations of Hg
0
 vapour tested at 35, 75 and 105°C is presented in Figure 5.4. It can be 
observed that the developed SAW sensor’s resonance frequency decreased to different levels 
as it was exposed toward different concentrations of Hg
0
 vapour. Consequently, the reverse 
phenomenon was observed during the recovery period (N2 purging) regardless of operating 
temperature indicating that the Ag surface is capable of desorbing the mercury content, the 
extent of which is determined by the Hg
0
 concentration during the exposure phase (or surface 
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coverage of Hg on the surface) and operating temperature. The developed SAW device 
showed approximately 800-7000 Hz, 730-5180 Hz and 650-4140 Hz resonance frequency 
shift for Hg
0
 vapour concentrations ranging between 24-365 ppbv at 35, 75 and 105°C, 
respectively.  
 
Figure 5.4: Sensor’s dynamic response toward 24-365 ppbv of Hg
0
 vapour when operated at 
35, 75 and 105°C. 
 
The detailed temperature profile of the sensor is presented in Figure 5.5. It can be observed 
that no significant variation in the sensor’s response magnitude occurred for 24-195 ppbv of 
Hg
0
 vapour [14]. However, the temperature effect is more apparent when analysing the curve 
related to 365 ppbv
 
of Hg
0
 vapour. It can be seen that the response magnitude decreased 
beyond 45°C, slightly increased beyond 75°C and then plummeted down for temperatures 
above 95°C. The temperature profile fluctuating pattern observed is postulated to be due to 
the competition between Hg
0
 vapour having increased affinity toward the Ag surface (i.e. 
increasing solubility, diffusion rate, amalgamation reaction rate etc.) and the increasing 
tendency of the Hg
0
 atoms to remain in the gaseous form rather than adsorb on the Ag surface 
(i.e. increasing vapour pressure) as the operating temperature is increased. Beyond 95°C, it 
appears the increasing vapour pressure overcomes the affinity of Hg
0
 to the surface therefore 
the sensor’s response magnitude is significantly reduced.  
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Figure 5.5: Temperature profile of the Ag based SAW sensor showing response magnitudes 
for different concentrations (24-365 ppbv) of Hg
0
 vapour at various operating temperatures 
(35-105°C). 
 
5.4.2 Limit of detection (LoD) 
To calculate the developed sensor’s LoD at different operating temperatures, the method of 
three standard deviation of the sensor’s noise profile was utilised, as described in Chapter 4. 
The noise profile was obtained when the sensor was exposed toward dry N2 for a 30 minute 
period at each operating temperature. Table 5.1 shows that the sensor’s LoD is gradually 
increased as the operating temperature is increased [14]. The LoD of the developed sensor 
varied between 0.5 to 9.3 ppbv at temperature range of 35°C to 105°C, respectively. The 
higher LoD at higher operating temperatures is due to the increased noise in the sensor’s 
response profile at increasing operating temperatures (Figure 5.6). Overall, the developed Ag-
electrode based SAW sensor showed a lower LoD than its Au-electrode based counterpart 
(presented in Chapter 4) mainly due to its relatively lower noise magnitudes. For example, 
the Ag-based sensor showed a LoD value of 0. 5 ppbv compared to the 0.7 ppbv determined 
for Au-based sensor while operating at the same temperature of 35°C. As discussed in 
Chapter 4, the LoD of the developed sensor may vary depending on the repeatability and the 
selectivity of the sensor. 
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Figure 5.6: Noise profile of the developed SAW-based sensor while operating at a) 35°C and 
b) 105°C. 
 
Table 5.1: Limit of detection of the developed Hg
0
 vapour sensor at 35-105°C. 
Operating Temp (°C) LoD (ppbv) 
35 0.5 
45 3.1 
55 5.4 
65 6.6 
75 7.4 
85 7.8 
95 9.1 
105 9.3 
 
5.4.3 Recovery efficiency and response time 
A major advantage for the sensor operating above 75°C was its relatively higher desorption 
efficiency (recovery), as shown in Figure 5.7a. It can be seen that the sensor’s recovery was 
much closer to its original state when operated at 105°C comparing to 35°C and 75°C [14]. 
Table 5.2 lists the calculated average recovery efficiency of the sensor at all operating 
temperatures tested when the sensor was exposed to 24-365 ppbv of Hg
0
 vapour. The data 
clearly shows that the developed sensor had more than 90% recovery while operated beyond 
75°C, however would most likely suffer from a small memory effect if operated at lower 
operating temperatures. The recovery efficiency achieved by the developed Ag based SAW 
Hg
0
 vapour sensor is overall lower than those observed for Au electrode based SAW sensor, 
presented in Chapter 4, which exhibited ~95% recovery even at an operating temperature of 
35°C. However, it was interesting to observe that recovery efficiencies of less than 80% (i.e. 
when operated at 35-75°C) did not affect the sensor’s capability to reproduce the same 
response magnitude (repeatability) towards multiple pulses of Hg
0
 vapour having the same 
Hg
0
 concentration. Although this is promising that the sensor can regenerate to an extent 
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where the repeatability is not significantly affected, the lower recovery could result in a 
reduced life-time of the sensor due to increased Hg
0
 accumulation rate than an Au surface. 
The full analysis of the sensor’s repeatability will be discussed in subsequent sections. The 
recovery efficiency was also found to have an impact on sensor’s baseline. For instance, the 
baseline of the sensor’s resonance frequency became more stable (less drift) at relatively 
higher temperatures (Figure 5.4); although experienced a trade-off of lower response 
magnitudes for the different concentrations of Hg
0
 vapour. 
The developed Ag SAW based Hg
0
 vapour sensor also showed faster response time at higher 
operating temperature. Similarly to the Au electrode based sensor, the t90 value was defined 
as the time required by the sensor to reach the 90% of its reach magnitude as the Ag surface 
was found to take more than 12 hours to reach equilibrium (saturation) once exposed toward 
Hg
0
 vapour. From Figure 5.7b, it is clear that the sensor has a much shorter t90 (17 minutes) at 
an operating temperature of 105°C compared to the t90 at 35°C (25 minutes) and 75°C (22 
minutes). The faster t90 values were due to the faster saturation of the sensitive layer as a 
result of the relatively higher vapour pressure of mercury. As the higher vapour pressure 
would result in less number of Hg atom undergoing sorption on the surface (as seen from the 
results), the Hg concentration gradient between the surface and bulk would be reduced and 
therefore the amount of diffused Hg is also expected to decrease. Although diffusion rates are 
increased with increasing temperatures, it appears that the increase in vapour pressure of 
mercury far outweighs any increase in diffusion rate due to increasing temperature.  
 
Figure 5.7: a) Dynamic response of the developed Ag-electrode based SAW sensor toward 
365 ppbv of Hg
0
 vapour when operated 35, 75 and 105°C and normalised response of the 
sensor when exposed toward 365 ppbv of Hg
0
 vapour at various operating temperatures 
showing the response times. 
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Table 5.2: Average recovery efficiencies of the Ag-electrode based SAW sensor 
Operating Temp (°C) Avg. Recovery Efficiency (%) 
35 51 
45 69 
55 79 
65 80 
75 83 
85 91 
95 91 
105 91 
 
5.4.4 Sorption/desorption rates 
The sorption and desorption rates of the sensor were calculated by utilising the same 
procedure described in Chapter 4, Section 4.6, which involved differentiating the sensor’s 
dynamic response data. Figures 5.8a and 5.8b show the sorption and desorption rate, 
respectively of the sensor for 365 ppbv of Hg
0
 vapour exposure at 35 and 105°C. It is evident 
from the figures that the Ag-electrode based sensor needed only few minutes to reach 90% of 
its peak response rate before it asymptotes toward zero, indicating fast adsorption process 
occur at the initial stage of exposure before the relatively slower diffusion process starts to 
take place [14]. Furthermore, the sensor needed only couple of minutes to reach its maximum 
desorption rate, indicating that the loosely bound Hg
0
 atoms on the Ag surface initially 
desorb at a fast rate before the diffused/amalgamated Hg
0
 atoms start to desorb slowly, 
possible after diffusing to the surface from the bulk. It is also clear that the maximum 
sorption rate of the SAW sensor did not vary with the temperature (~540 Hz/min).  However, 
the rate at which they asymptote toward zero is different and faster for 105°C, thereby a 
higher response magnitude was observed at 35°C. Furthermore, maximum desorption rate of 
the sensor increased significantly (from ~259 to ~364 Hz/min) at elevated temperature. The 
higher desorption rate at higher temperature is expected due to the significantly higher vapour 
pressure of mercury at relatively higher temperatures.  
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Figure 5.8: a) Sorption and b) Desorption rate curves of the developed Ag-electrode based 
SAW sensor at 35 and 105°C (smoothed). 
 
5.5 Calibration curves and sensitivity 
The sorption calibration curves of the developed Ag-SAW sensor were found to follow the 
Loading ration correlation (LRC, as defined in Chapter 4, Section 4.6.1) at various operating 
temperatures tested with R
2
 ≥ 0.995 (Figure 5.9a and 5.9b for 75 and 105°C, respectively) 
[14]. This indicates that the relationship between response magnitudes and Hg
0
 vapour 
concentrations as well as the sensitivity of a Ag-electrode based SAW sensor can be defined 
with equations presented in Chapter 4 for an Au-electrode based SAW sensor (Equation 4.1 
and 4.2, respectively). Furthermore, similar to the Au based SAW, the developed Ag based 
SAW device’s sensitivity toward Hg0 vapour is dependent on the analyte’s concentration and 
reduces with increased Hg
0
 vapour concentration. Figures 5.9c shows the sensitivity of the 
developed Ag-electrode based SAW sensor for different tested Hg
0
 vapour concentrations 
exposed at 75 and 105°C. It can be observed that the sensitivity of the sensor at both 
operating temperatures decreased with increasing Hg
0
 vapour concentrations. The sensor 
showed a sensitivity of 29.5 Hz/ppbv for a 24 ppbv of Hg
0
 vapour exposure at 75°C, which 
was found to decrease to 5.4 Hz/ppbv for 365 ppbv of Hg
0
 vapour exposure at the same 
operating temperature. Furthermore, the sensitivity of the developed Hg
0
 vapour sensor was 
18.3 and 6.6 Hz/ppbv for 24 and 365 ppbv of Hg
0
 vapour exposure at 105°C. These 
observations are in line with the sensitivity trends observed for an Au-electrode based SAW 
sensor (discussed in Chapter 4, Section 4.6.1) where it was also observed that the sensitivity 
decreased non-linearly with increasing Hg
0
 vapour concentrations. Similarly to Au-electrode 
based sensor, it is expected that the sensor would have higher error in low concentrations 
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sensitivity as the frequency noise can be assumed constant regardless of operating 
temperature. 
 
Figure 5.9: LRC fit for the sorption calibration curves of developed Ag-electrode based 
SAW sensor at a) 75 and b) 105°C; b) Sensitivity of the developed Ag-electrode based SAW 
sensor for different Hg
0
 vapour concentrations exposed at 75 and 105°C.  
 
5.6 Sensor repeatability 
The sensor’s performance regarding its repeatability was studied by exposing the sensor to 6 
consecutive pulses of 365 ppbv Hg
0
 vapour [14]. The response magnitude from each pulse 
was used to calculate the coefficient of variation (CoV), as described in Chapter 4, Section 
4.8. Figures 5.10a and 5.10b show that the sensor’s dynamic response when six pulses of Hg0 
vapour (365 ppbv each) were exposed at 75°C and 105°C, respectively. It can be observed 
that the developed sensor exhibited almost identical response for all 6 pulses regardless of the 
operating temperature, with a CoV of 2.7 and 3.6% (i.e. repeatability= 100-CoV%= 97.3 and 
96.4%) when operated at 75°C and 105°C, respectively. This indicates that the developed 
SAW-based sensor has capability to measure low concentrations (<400 ppbv) of Hg
0
 vapour 
in a repeatable manner, which is imperative for a sensor. 
b)a) c)
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Figure 5.10: Dynamic response of the SAW-based sensor toward six consecutive pulses of 
365 ppbv Hg
0
 vapour while operating at a) 75°C and b) 105°C. 
 
5.7 Selectivity toward Hg
0
 vapour 
To test the selectivity of the developed Ag SAW-based sensor, it was exposed towards Hg
0
 
vapour (365 ppbv) while one of the interfering gas species was simultaneously introduced 
into the gas stream [14]. The selectivity was then calculated using similar method described 
in Chapter 4, Section 4.8.  Figures 5.11a and 5.11b show the dynamic response of the sensor 
when 365 ppbv of Hg
0
 vapour was exposed with and without the presence of different 
interfering gas species at 75°C and 105°C, respectively. It can be observed that the dynamic 
response of the sensor did not show any noticeable difference between the two scenarios in 
the test pattern, indicating that it is selective toward Hg
0
 vapour. The sensor exhibited a CoV 
of 6.3 and 2.4% when Hg
0
 vapor was exposed toward the repeated pulses of Hg
0
 vapor 
(365 ppbv) with and without the presence of interfering gas species at 75 and 105°C, 
respectively. As stated in Table 5.3, the developed sensor’s response magnitudes for Hg0 
vapour exposure with interfering gas differed by up-to 14.3, 8.6 and 5.2% from the average 
response magnitudes showed by the sensor for Hg
0
 vapour exposure without any interfering 
gas species at 35, 75 and 105°C, respectively. Using Equation 4.7, this equates to the sensor 
having selective efficiency of more than 85.7, 91.4 and 94.9% when 365 ppbv Hg
0
 vapour 
was exposed along with either of interfering gas species. Overall, the data indicates that the 
developed SAW-based sensor exhibited higher selectivity toward Hg
0
 vapour at elevated 
operating temperatures. This was to be expected as relatively higher vapour pressure and 
kinetic energy of the interfering gas molecules at the elevated operating temperatures reduced 
their interaction time with the sensor surface. At the same time Hg
0
 is known to have high 
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affinity toward Ag surface and undergoes amalgamation even at the elevated operating 
temperatures tested in this study. The higher kinetic energy of the gas molecules would 
therefore have reduced the amount of foreign gas molecules sitting on the sensor surface, 
which may otherwise block the active sites on which Hg
0
 undergoes sorption/ amalgamation. 
Overall, the developed SAW-based sensor was found to have the highest selectivity toward 
low concentrations of Hg
0
 vapour in the presence of interferent gas species at the tested 
operating temperature of 105°C. However, to test the long-term feasibility of the developed 
Ag-electrode based SAW Hg
0
 vapour sensor more studies are still required. Specially, Ag is 
known to react with some sulphur-based compound in atmosphere that might affect the long-
term performance of the sensor. These investigations will be done in the future study.  
 
Figure 5.11: Dynamic response of the developed Ag electrode based SAW sensor toward 
consecutive pulses of 365 ppbv Hg
0
 vapour without/with interfering gas species while 
operating at a) 75°C and b) 105°C. In these figures, A= 120.1 ppmv NH3, B= 303.4 ppmv 
MeCHO, C= 2.61 ppmv EM, D= 5.01 ppmv DMDS, E= 40.1 ppmv MEK and F= 15300 ppmv 
humidity (RH= 50% at room temperatureC).  
 
Table 5.3: Selectivity of Ag-electrode based SAW sensor toward Hg
0
 vapour (365 ppbv) 
when exposed with interfering gas species 
Tested interfering gases 
along with Hg0 vapour 
Response magnitude difference 
(%) 
Selectivity Efficiency (%) 
 35°C 75°C 105°C 35°C 75°C 105°C 
NH3 5.7 5.6 1.9 94.3 94.4 98.1 
MeCHO 10.1 4.7 1.9 89.9 95.3 98.1 
EM 8.7 8.6 -5.2 91.3 91.4 94.9 
DMDS 8.8 3.6 4.8 91.2 96.4 95.2 
MEK 10.6 -7.0 1.6 89.4 93.0 98.4 
H2O vapour 14.3 -4.1 -3.7 85.7 95.9 96.3 
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Furthermore, the Hg
0
 vapour detection accuracy of the developed sensor was found improved 
at elevated operating temperature. Figures 5.12a and 5.12b show the normalised response of 
the sensor for 365 ppbv Hg
0
 vapour pulse at two different days (pulse 1 and 11 of Figures 
5.10a and 5.10b). It can be observed that the sensor lost only 4% of its response magnitudes 
when operated at 105°C compared to the 16% loss observed in response magnitudes when 
operated at 75°C. 
 
Figure 5.12: Normalised response of the developed Ag-electrode based SAW sensor when 
exposed toward 365 ppbv of Hg
0
 vapour at a) 75 and b) 105°C. 
 
5.8 Investigation of surface morphology of Ag film 
Surface features and the chemical composition of Ag surface changing due to the Hg
0
 vapour 
exposure was studied using various characterisation techniques such as SEM, AFM and XPS. 
This was performed in order to determine the extent of surface changes following the Hg
0
 
vapour exposure. 
5.8.1 SEM characterisation 
Figures 5.13a and 5.13b show the SEM image of the Ag thin-film before and after three 
weeks of Hg
0
 vapour exposure, respectively. The unexposed Ag surface was observed to 
contain island type structures with their sizes ranging from 10 to 30 nm [14]. It was observed 
that the island structures agglomerate into bigger islands of size (up to 400 nm) following the 
Hg
0
 vapour exposure tests. This was similar to the observation made by Levlin et al. [13], 
where they have also found island formation on the Ag substrate after exposing them to Hg
0
 
vapour.  Furthermore, by comparing the SEM observations made for Au surface (Chapter 4, 
Section 4.9.1), it can be realised that similar kinds of changes in surface features occur for the 
Ag surface presented in this Chapter following Hg
0
 vapour exposure experiments. That is, the 
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small particles present prior to Hg
0
 exposure are observed to transform into amalgam islands 
on the silver surface, which is in-line with the observations made by Levlin et al. [13]. 
 
Figure 5.13: SEM images of the Ag surface a) before and b) after the continuous 3 weeks 
Hg
0
 vapour exposure tests.  
 
5.8.2 AFM characterisation 
The surface topology of Ag film was studied using AFM characterisation technique [14]. 
Figures 5.14a and 5.14b show the AFM images of the Ag surface before and after Hg
0
 vapour 
exposure, respectively. AFM characterisation revealed that the roughness of the Ag surface 
decreased as a result of Hg
0
 vapour exposure. Roughness analysis images can be found 
Appendix D, Figure D1. The images were taken by utilising similar scan size (1×1 µm) for 
both cases (before and after Hg
0
 vapour exposure) in order to compare the roughness. The 
average roughness (Ra) decreased from 1.26 nm to 0.328 nm while the root-mean-square 
roughness (Rq) dropped from 1.6 to 0.423 nm following the 3 week Hg
0
 vapour sensing 
experiments. It can be realised that this change in Ag surface roughness was higher than the 
Au surface shown in Chapter 4, Section 4.9.2 (i.e. from ~1.4 nm to ~1.3 nm). 
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Figure 5.14: AFM images of the Ag surface a) before and b) after the continuous 3 weeks of 
Hg
0
 vapour exposure tests. 
 
5.8.3 XPS depth profile studies 
XPS depth profiling of an Ag film was performed in order to investigate the extent of Hg
0
 
diffusion through the Ag surface [14]. Figures 5.15a and 5.15b show the core level binding 
energies of Ag 3d and Hg 4f of the Ag surface following three weeks of Hg
0
 vapour 
exposure. The Ag 3d5/3 binding energies at 368.2 eV corresponds to Ag
0
 core levels while Hg 
4f7/2 core appearing at 100.2 eV is related to the elemental mercury [17, 18]. Figure 5.15c 
demonstrates the XPS depth profile of the Hg
0
 vapour exposed Ag surface. It can be observed 
that the mercury atoms had diffused through the depth of the 100 nm Ag film with relatively 
higher concentration near the surface. As mercury diffusion occurs more slowly into the 
depth of Ag bulk, the exposure time or concentration of Hg
0
 can be increased if required for 
some applications without significantly deteriorating the sensor functionality. Based on the 
depth profile, the diffusion of mercury atoms stopped once reaching near to the bottom of the 
Ag film as Hg atoms are immiscible in the Ti adhesion layer. The low mercury content (~3%) 
observed at the point where the Ti signal is increasing is believed to be due to the mercury 
content in the Ag film present at the interface of Ag and Ti layers. This indicates that the Ti 
adhesion layer is responsible for keeping the Ag sensitive layer intact without being affected 
by mercury atoms and thereby allowing the sensor to function as Hg
0
 vapour sensors without 
significant deterioration of their performance.  
 
One can realise the significant difference in Hg
0
 atoms diffusion behaviour through Ag and 
Au surface by comparing the XPS depth profile with that observed for Au electrode based 
SAW sensor presented in Chapter 4, Section 4.10.3. In case of Au film, it was observed that 
Hg
0
 atoms diffused up-to ~30 nm of the 50 nm Au film following 4 week of Hg
0
 vapour 
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sensing experiments. In contrast, approximately similar amount of Hg
0
 vapour exposure 
resulted in the Hg
0
 atoms to diffuse through the whole bulk of 100 nm thick Ag film and this 
indicates that an Ag film has higher Hg
0
 sorption capacity than its Au counterpart. This also 
further clarifies that the use of a good adhesion layer (such as Ti used in this study) is highly 
important for efficient operation of Ag electrode based Hg
0
 vapour sensor. Otherwise, the 
electrode surface may be etched out during Hg
0
 vapour exposure and may results in the 
sensor to stop oscillating.     
 
Figure 5.15: XPS spectra of a) Ag 3d and b) Hg 4f core levels for Hg exposed Ag film with 
Ti adhesion layer. c) XPS depth profile of Ag, Hg and Ti of the Ag film analysed for atomic 
percentage. 
 
5.9 Summary and conclusions 
A silver electrode based SAW device developed for Hg
0
 detection was reported for the first 
time. The author’s decision of developing Ag electrode based SAW Hg0 vapour sensor was 
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based on the critical review of current literature where little emphasis is given on utilising 
noble metal surfaces such as Pd, Pt and Ag for Hg
0
 vapour sensing. In this context, four 
QCMs were developed based on either Pd/Pt/Ag/Au electrodes in order to compare Hg
0
 
sorption capabilities of the different noble metals. It was observed that Ag had superior Hg
0
 
sorption capacity compared to other noble metals tested, which encouraged the author to 
develop and investigate Ag electrode sensor for Hg
0
 vapour detection. The developed sensor 
was based on a delay line structure which was patterned onto a ST-cut quartz substrate 
without the utilisation of a dedicated sensitive layer. The key to the successful performance 
of the sensor was the pre-treatment process and the Ti adhesion layer employed in this thesis. 
The Hg
0
 vapour sensing experiments were performed for different concentrations 
(24-365 ppbv) and at various operating temperatures between 35-105°C. The major findings 
of this study are mentioned below: 
 Ag surface was found to possess much higher Hg0 sorption capacity than other noble 
metals such as Pd, Pt and Au. Following a 12 hour exposure toward 365 ppbv of Hg
0
 
vapour, it was found that the Ag surface adsorbed/amalgamated 293, 317 and 1118% 
higher Hg content than Pd, Au and Pt surfaces, respectively. Moreover, even though 
showing a lower recovery efficiency (20%) than the Au-surface (31%), the Ag-QCM 
was found to work as a Hg
0
 vapour sensor where identical calibration curve 
characteristics (i.e. increasing response magnitudes with increasing Hg
0
 
concentration) were observed to that of Au surface. 
 Operating temperature was found to have substantial effects on the performance of 
developed Ag-electrode based SAW Hg
0
 vapour sensor. The response magnitudes of 
the sensor toward different Hg
0
 vapour concentrations was generally found to 
decrease with increasing operating temperatures, however, the recovery efficiency 
exhibited improvement at elevated operating temperature. The recovery efficiency 
achieved by the developed Ag electrode based SAW sensor was found to be overall 
lower than the recovery efficiency exhibited by an Au electrode based SAW sensor. 
This is due to the fact that the Hg
0
 atoms tend to diffuse through more depth of the Ag 
surface than the Au and therefore Ag surface needs higher energy to desorb the 
diffused Hg
0
 atoms than that required for Au. However, it was interesting to observe 
that recovery efficiencies of less than 80% (i.e. when operated at 35-75°C) did not 
affect the sensor’s capability to produce repeatable response magnitudes towards 
multiple pulses of Hg
0
 vapour having the same concentration. 
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 Operating temperature was also found to affect the response time of the developed 
Ag-electrode based SAW Hg
0
 vapour sensor. The developed sensor also showed 
faster response time at higher operating temperature. For instance, the developed 
sensor exhibited a response time (indicated by t90) of 17 minutes when exposed 
toward 365 ppbv of Hg
0
 vapour, which is much lower than the response time of 35 
and 75°C (23 and 22 minutes, respectively) for same concentrations of Hg
0
 vapour 
exposure.  
 The Hg0 vapour sorption calibration curves of the developed Ag-electrode based 
sensor followed the similar trend of LRC as Au-electrode based SAW sensor 
presented in Chapter 4. This indicates the sensitivity of the developed sensor is 
concentrations dependent at each operating temperature. That is, the sensor showed 
higher sensitivities at relatively lower Hg
0
 vapour concentrations and lower operating 
temperatures, 
 The LoD of the Ag-electrode based sensor was found lower than the Au-electrode 
based SAW sensor reported in Chapter 4 at various operating temperatures. When 
operated at 35°C, the Ag-electrode based SAW sensor was calculated to have a LoD 
of 0.5 ppbv compared to the LoD of 0.7 ppbv found for the Au-electrode based SAW 
sensor, presented at Chapter 4. 
 The sensor showed better selectivity (i.e. selectivity efficiency: 94.9-98.1%) when 
Hg
0
 vapour (365 ppbv) was exposed in the presence of interfering gas species such as 
NH3, MeCHO, EM, DMDS, MEK and humidity at 105°C compared to 35 and 75°C. 
When Hg
0
 vapour was tested along with different interfering gas species, the sensor 
showed selectivity efficiency of 85.7-94.3% and 91.4-96.4% at 35 and 75°C, 
respectively.  
 
Overall, it was realised that a Ag electrode based SAW sensor can be utilised for Hg
0
 
vapour detection given that a high operating temperature (preferably beyond 100°C) is 
maintained. Due to its higher Hg
0
 sorption capacity than other noble metals such as Pd, Pt 
and Au, Ag can be integrated in a SAW Hg
0
 vapour sensor in order to achieve better 
sensitivity and LoD. 
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Chapter 6 
 
Chapter VI:  A comparative analysis 
between Au and Ag thin film 
sensitive layers 
 
 
 
 
In this chapter, the Hg
0
 vapour detection performance and comparative analysis of 
specially developed nickel electrode based SAW sensors with dedicated gold and silver 
sensitive layers is presented. Analysis of the developed sensors in terms of their response 
magnitudes, recovery efficiency, limit of detection, response time, sorption behaviour, 
sensitivity, sorption/desorption rates and selectivity toward Hg
0
 vapour in the presence of 
industrial relevant gases at different operating temperatures is investigated. 
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6.1 Use of dedicated sensitive layer on SAW sensors 
Using the more traditional approach of employing a dedicated sensitive layer, this chapter 
focus on using a SAW with nickel (Ni) IDTs and a dedicated sensitive layer formed of either 
gold (Au) or silver (Ag) placed in between the IDT ports. The sensing mechanism of a SAW 
sensor with a dedicated sensitive layer is primarily based on the mass perturbations of a 
sensitive layer affecting the acoustic wave velocity, rather than utilising the IDT electrodes as 
the sensitive elements as was the case for the sensors presented in chapters 4 and 5 [1, 2]. As 
described in Chapter 2, the gas to be detected (analyte) interacts with a sensing film which is 
placed in between the input and output IDTs. The analyte species present in the atmosphere 
interact with the sensitive layer. This interaction results in a change in the acoustic wave 
velocity which is detected in the output IDT as a shift in the SAW resonance frequency (f0). 
Noble metals thin films such as Au or Ag undergo strong amalgamation process with Hg
0
 and 
can be utilised to obtain a highly sensitive layer. The SAW sensors presented here are unique 
in that when comparing with those reported in literature by Caron et al. [3-6] and Jasek et al. 
[7] were actually based on the two-port delay line structure. They had use Au thin films as the 
sensitive layer and employed aluminum (Al) IDTs. However, the use of Al electrodes may 
not be suitable for long-term sensing given that Al is known to easily dissolve in Hg
0
 (known 
as liquid-metal embrittlement (LME)) [8]. Therefore it is important to passivate the IDTs 
with an isolation layer to stop their interaction with Hg
0
 atoms in the atmosphere. Another 
acceptable approach is to use an IDT material which is not immiscible in mercury and so the 
effect of a dedicated sensitive layer can be investigated. In that context, Ni IDTs have been 
used in the current design as the metal is known for its incapacity to interact with Hg
0
 atoms 
[9]. Furthermore, neither of the studies reported by the groups mentioned had focused on the 
critical investigations required to determine the feasibility of the developed sensors for 
industrial use. That is, the studies lack the investigation of cross-sensitivity performance of 
dedicated sensitive layer towards interfering gases, LoD, long term stability, calibration 
curves etc. Moreover, the use of Ag sensitive layer can be interesting given that in Chapter 5 
it was shown that an Ag electrode based SAW sensor can possess Hg
0
 vapour sensing 
performance that is comparable with an Au electrode based sensor given that the right 
operating conditions are used.  
 
In this chapter, Hg
0 
vapour sensing performance of a two port SAW delay line sensor which 
utilises Ni IDTs and either an Au or Ag sensitive layer is presented. Focus is also given on 
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their comparative analysis for Hg
0
 sensing applications through the parameters and 
characteristics of the developed sensors such as sensitivity, selectivity, sorption/desorption 
rates and response times. 
6.2 Device fabrication and experimental setup 
Two SAW delay line devices were fabricated on ST-cut quartz substrates, using the 
procedure described in Chapter 3, Section 3.1 [10, 11]. Briefly, a thin film of Ni (Thickness: 
100 nm) was evaporated on two separate 20×15 mm ST-cut quartz substrates over a 10nm 
think Ti adhesion layer. Then, the input and output IDTs, each consisting of 180 electrode 
finger pairs with equal width and spacing of 6 µm (24 µm wavelength, λ) and aperture of 
1700 µm, were patterned using standard photolithography and metal etching processes 
described in Chapter 3, Section 3.1.6. A distance of 540λ was maintained between the centre 
of the IDTs where either an Au or Ag film of 50 nm thickness and 14 mm
2
 surface area was 
evaporated as the sensitive film. The thickness of the dedicated sensitive layers were kept at 
60 nm (10 nm Ti adhesion layer + 50 nm Au or Ag film) whereas 110 nm thickness were 
assigned for the IDTs (10 nm Ti adhesion layer + 100 nm Ni film) in order to keep the 
sensors’ insertion loss to an acceptable level. Thicker sensitive layers were avoided as they 
would have otherwise caused mass loading and thereby would have resulted in increased 
insertion losses of the fabricated devices. The insertion loss of the Au- and Ag-SAW sensors 
were measured at approximately -14 and -12 dB at their corresponding resonance frequencies 
of ~131.1 and ~131.2 MHz, respectively. It can be observed that the Au- and Ag- sensitive 
layer based SAW devices presented in this chapter have higher insertion loss then the 
corresponding Au- and Ag-electrode based sensor designs presented in Chapters 4 and 5, 
respectively. This was due to the sensitive layer based sensors having relatively higher mass 
(in the form of thin film) in its propagation path when compared to a sensitive electrode 
based sensor that had a bare delay line path. A schematic of the developed sensitive layer 
based sensors can be seen in Figure 6.1. 
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Figure 6.1: Schematic of the developed Au/Ag sensitive layer based SAW sensors’ design 
parameters. 
 
The details of Hg
0
 testing setup can be found in Chapter 3, Section 3.6. The developed SAW 
sensors were tested over a Hg
0
 vapour concentration range of 24 to 365 ppbv with and 
without the presence of NH3 (120.1 ppmv), MeCHO (303.4 ppmv), EM (2.61 ppmv), DMDS 
(5.01 ppmv), MEK (40.1 ppmv) and humidity (15300 ppmv, RH= 50% at room temperature). 
The tests were performed at different operating temperatures between 35 and 95°C. Before 
conducting the Hg
0
 vapour sensing experiments, the noise profiles of the sensors were 
tracked at different operating temperatures as described in Chapter 4, Section 4.3. 
Furthermore, a similar pre-conditioning process that was used for the Au based SAW 
presented in Chapter 4 was also used for the sensors presented in this chapter. The details of 
the pre-treatments process can be found in Chapter 4, Section 4.3. 
6.3 Effect of operating temperature 
To study how the operating temperature affects the sensing performance of the developed Au 
and Ag sensitive layer based SAW sensors, they were exposed toward different Hg
0
 vapour 
concentrations at different operating temperatures. The experiments were designed to enable 
both comparison of Ag and Au sensors’ sensitivity toward Hg0 vapour, as well as enable 
direct comparison to the SAW based sensors presented in Chapters 4 and 5. These findings 
are discussed in following subsections. 
 
6.3.1 Response magnitudes 
The response magnitudes of the developed Au and Ag sensitive layer based SAW sensors 
toward different Hg
0
 vapour concentrations were obtained at various operating temperatures 
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between 35 and 95°C. Figures 6.2a and 6.2b show the dynamic response of the Au- and Ag-
sensitive layer based SAW sensors for consecutive pulses of 5 different concentrations of Hg
0
 
vapour in the range of 24-365 ppbv at operating temperatures of 35 and 75°C, respectively 
[10, 11]. It can be observed from Figure 6.2a that the Au-SAW sensor’s response magnitudes 
varied between 1025-3600 Hz for 24-365 ppbv of Hg
0
 vapour when operated at 35°C, while 
the Ag-SAW sensor showed 931-7263 Hz response magnitudes at the same conditions. It was 
interesting to observed that the Ag-SAW sensor showed ~100% higher response magnitude 
towards 365 ppbv of Hg
0
 vapour over its Au counterpart even though they produced similar 
response magnitudes when exposed to 24 ppbv Hg
0
 vapour. It is believed that during the 
sensing process, Hg
0
 atoms can diffuse through the bulk of the Ag film. Whereas in Au thin 
films the process mainly occurs on the top portion of the Au surface as shown by the XPS 
depth profile analysis in Chapter 4 and Chapter 5. Therefore, the effective mass density of 
Ag-SAW can change at a higher rate than its Au counterpart showing higher response 
magnitudes for a larger Hg
0
 vapour concentration. However the down side is that the Ag 
surface is not able to as readily desorb the accumulated mercury as efficiently as the Au 
surface. Recovery efficiencies of the developed Au- and Ag-SAW sensors can also be 
observed from Figures 6.2a. When the sensors were operated at 35°C, the Au-SAW exhibited 
a higher average recovery efficiency of ~60% than its Ag-SAW counterpart, which showed 
an average recovery efficiency of ~45% for all tested Hg
0
 vapour concentrations. This again 
can be explained with the XPS depth profile data in Chapter 5, Section 5.9.3, as Hg
0
 atoms 
diffused more easily through the bulk of Ag over Au thin films. Relatively lower portion of 
accumulated Hg
0
 atoms would be desorbed from the Ag surface given that high activation 
energies are usually required to remove the diffused/amalgamated mercury (i.e. ~700°C) [12, 
13] from noble metal surfaces. 
 
It can be seen in Figure 6.2b that the response magnitudes of both Au- and Ag-SAW sensor 
for the same range of Hg
0
 vapour concentrations decreased to 843-3709 Hz and 671-5318 Hz 
when different concentrations of Hg
0
 vapour was exposed toward Au- and Ag-SAW, 
respectively.  However, the average recovery efficiency of both Au- (93%) and Ag-SAW 
(94%) were found to be significantly higher when an operating temperature of 75°C was 
maintained, due to the higher energy available in order to desorb the Hg
0
 atoms from the 
surface of thin films at elevated temperature.  
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Figure 6.2: Sensor’s dynamic response for consecutive pulses of Hg0 vapour of different 
concentrations (24-365 ppbv) when operated at a) 35°C and b) 75°C. 
 
The effect of the operating temperature on the developed Au- and Ag-SAW sensors’ response 
toward Hg
0
 vapour can be further studied from the temperature profiles  shown in Figure 6.3a 
and 6.3b, respectively [10, 11]. It can be observed from Figure 6.3a that the response 
magnitudes of the Au-SAW sensor decreased slightly when the operating temperature was 
increased from 35 to 55°C and then again increased beyond at similar response magnitudes 
observed for 35°C. This indicates that the sensor response did not deviate significantly with 
fluctuating operating temperatures (T ≥ 75°C), which is favourable when considering 
industries such as alumina refinery effluent streams are mostly between 40 and 120°C. It can 
also be observed that the response magnitudes for the lower Hg
0
 vapour concentrations (24-
51 ppbv) started to decrease beyond 75°C. It can be observed from Figure 6.3b that the Ag-
SAW sensor exhibited the highest response magnitudes toward different Hg
0
 vapour 
concentrations when operated at 35°C . When the operating temperature was increased to 
55°C, the response magnitudes slightly reduced and did not deviate much for the operating 
temperature of 75°C. However, these response magnitudes for different Hg
0
 vapour 
concentrations were again found to decrease when the operating temperature was raised to 
95°C. Furthermore, the noise magnitudes of both sensors were substantially higher at 95°C. 
In this context, 75°C can be chosen as the optimum operating temperature for the developed 
sensors. That is, in real scenarios, the sensor chamber can be maintained at ≤ 75°C and the 
industrial gases from the different operating conditions can be diluted, heated or cooled and 
directed to the sensor to estimate its Hg
0
 vapour concentration. 
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Figure 6.3: Temperature profile of the developed a) Au-SAW and b) Ag-SAW based Hg
0
 
vapour sensors. 
 
6.3.2 Limit of detection  
The limit of detection (LoD) of the sensors toward Hg
0
 vapour was calculated by utilising the 
method of ‘three standard deviations of the noise profiles’, as described in Chapter 4 and 5 
[10, 11]. At 35°C the Au- and Ag-SAW sensors were found to have LoD values of ~1.4 and 
~1.5 ppbv, respectively. A much higher LoD was observed for both sensors when operating at 
75°C, with Au- and Ag-SAW showing LoD values of ~4 ppbv and ~5.4 ppbv, respectively. 
The higher LoD values at the higher operating temperature is understandable as the noise of 
both sensors was higher while producing a relatively lower response magnitudes for the 
different Hg
0
 vapour concentrations at 75°C compared to 35°C. It was interesting to observe 
that the developed Au and Ag-sensitive layer based sensors had higher LoD at lower 
operating temperature (35°C) than their electrode based sensor counterpart presented in 
Chapter 4 and 5, respectively (0.7 and 0.5 ppbv for Au and Ag-electrode SAW). This 
difference in LoDs was mainly due to the difference in noise magnitude rather than the 
sensitivity of the sensors. In fact, the Au-sensitive layer based sensor showed a higher 
response magnitudes (1025 Hz) than its electrode counterpart (900 Hz) when the lowest Hg
0
 
vapour concentration (24 ppbv) tested at 35°C. On the other hand, the dedicated sensitive 
layer based sensor exhibited a higher noise magnitudes than the electrode based design due to 
the fact that sensitive layer based sensors had higher insertion loss than the sensitive electrode 
based sensor (Section 6.2). Furthermore, both Au and Ag sensitive layer based sensors 
showed a much lower LoD than the electrode based sensors (~15 ppbv and 7.4 ppbv for Au 
and Ag-electrode SAW, respectively) at an operating temperature of 75°C, indicating that the 
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operating temperature had a relatively lower effect on the sensitivity and noise magnitudes of 
the sensitive layer based sensors than the sensitive electrode based sensors.  
6.3.3 Response time 
The response times of the developed sensors were compared by calculating their respective 
t90 characteristics, using the same process as described in Chapter 4, Section 4.5.4 [10, 11]. 
As discussed, the t90 was defined as the time required by the sensor to reach 90% of their 
peak response magnitudes due to the Au and Ag surfaces required more than 12 hours to 
reach equilibrium (saturation). It can be observed from Figure 6.4a that the t90 of the Au- and 
Ag-SAW sensors are 22 and 22.8 minutes, respectively, when 365 ppbv of Hg
0
 vapour was 
exposed at 35°C. Interestingly, the t90 of the Ag-SAW sensor decreased significantly (i.e. 
12.6 minutes) when the sensor operated at 75°C while the Au-SAW sensor showed slightly 
higher t90 than its 35°C counterpart (i.e. 23.4 minutes). This could be due to the fact that 
faster solid-vapour interaction occurs at elevated temperatures, thus resulting in larger 
number of Hg
0
 atoms being diffused into the Ag surface at a faster rate. This then saturates 
the thin Ag film within a shorter time than its Au counterpart at 75°C. Moreover, the sensor 
designs presented in Chapters 4 and 5 (Au-electrode based sensors) possessed similar 
response times as the Au-sensitive layer sensor at 35 and 75°C (23 and 22 min when 
365 ppbv of Hg
0
 vapour was exposed at 35 and 75°C, respectively). However, the response 
time of Ag-sensitive layer based sensor is much lower than the Ag-electrode sensor presented 
in Chapter 5 at 75°C (22 min when exposed toward 365 ppbv of Hg
0
 vapour) while having 
approximately similar response time at 35°C (25 min when exposed toward 365 ppbv of Hg
0
 
vapour.  
 
Figure 6.4: Comparison of response time for Au and Ag-SAW sensor at a) 35°C and b) 
75°C. 
0.0 0.5 1.0 1.5 2.0
-100
-80
-60
-40
-20
0 Operating Temp: 35°C
 Au-SAW
 Ag-SAW
t
90
 (Ag-SAW)= 22.8 min 
 
 
t
90
 (Au-SAW)= 22 min 
N
o
rm
a
li
ze
d
 R
es
p
o
n
se
 (
%
)
Time (h)
0.0 0.5 1.0 1.5 2.0
-100
-80
-60
-40
-20
0
 
 
 
N
o
rm
a
li
ze
d
 R
es
p
o
n
se
 (
%
)
t
90
 (Au-SAW)= 23.4 min 
t
90
 (Ag-SAW)= 12.6 min 
Time (h)
Operating Temp: 75°C
 Au-SAW
 Ag-SAW
b)a)
115 
 
6.3.4 Sorption/desorption rates 
To further understand the sorption and desorption behaviour of the Au and Ag sensitive layer 
based SAW Hg
0
 vapour sensors, the sorption and desorption rates were calculated and 
analysed [10, 11]. As describe in Chapter 4, Section 4.5.5, the rates can be obtained by 
calculating the derivative of the sensors’ dynamic response data. As shown in Figure 6.5a, 
Au- and Ag-SAW sensors showed maximum sorption rates of ~631 Hz/min and 
~553 Hz/min, respectively when exposed toward 365 ppbv of Hg
0
 vapour at 35°C. 
Furthermore, the sorption rate peak of Ag-SAW (during the exposure period of the pulse) 
was broader than the Au- counterpart and never reached zero during the 30 minutes exposure 
period. This is due to the fact that more Hg
0
 atoms are likely to be diffused into the depth of 
the Ag surface than that of Au surface thereby continuously availing new sorption sites for 
Hg
0
 to inherent with the surface throughout the whole exposure period. Moreover, the 
desorption rates of both sensors were much lower (~214 Hz/min and ~232 Hz/min for Au- 
and Ag-SAW, respectively) than their sorption rates when an operating temperature of 35°C 
was maintained.  As shown in Figure 6.5b, when the operating temperature was increased to 
75°C, the maximum sorption rate of Au-sensitive layer based SAW decreased significantly to 
~437 Hz/min while the desorption rates peaks increased from ~214 to ~243 Hz/min. On the 
other hand, the maximum sorption rate of the Ag-SAW sensor increased from ~553 to 
~600 Hz/min while the desorption rate increased from ~232 to ~336 Hz/min when the 
operating temperature was raised from 35°C to 75°C, respectively. The sorption rate peak of 
the Ag-SAW is significantly broader at the higher operating temperature of 75°C than its Au-
counterpart, indicating Ag surface maintains high sorption rates than Au for longer periods of 
time, possibly due to higher diffusion rates, which results in higher response magnitudes for 
the Ag based SAW sensors. The significantly better response time of Ag based SAW at 75°C 
(Section 6.3.3) may be due to the sorption rate asymptote faster toward zero than Au. 
 
Figure 6.5: Sorption and desorption rate of the Au and Ag sensitive layer based SAW 
sensors when a 365 ppbv Hg
0
 vapour pulse was exposed at a) 35 and b) 75°C (smoothed). 
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6.4 Calibration curves and sensitivity 
To determine the relationship between the sensor signal output and the exposed Hg
0
 vapour 
concentration, the sorption response magnitudes of the sensor at various operating 
temperatures were fitted to a common line of best fit [10, 11]. As shown in Figures 6.6a and 
6.6b, respectively the developed Au- and Ag-SAW sensor’s sorption response magnitudes 
had good fits towards Loading ratio correlation (LRC) with high R
2
 values (0.9873 for Au-
SAW and 0.9998 for Ag-SAW) at 75°C. Similar to the sensors presented in previous 
chapters, the sorption magnitudes for both sensors can be related with the Hg
0
 vapour 
concentrations by equation 4.1 while the sensitivity of the developed sensors can be defined 
as equation 4.2, indicating the sensitivity of the both sensors have a non-linear relationship 
with the Hg
0
 vapour concentrations tested and decreases with increasing concentrations. 
Figures 6.6c and 6.6d show the sensitivity of Au and Ag-SAW sensor at 35 and 75°C, 
respectively. It can be observed that the Ag-SAW sensor exhibited higher sensitivity than the 
Au-SAW sensor for different Hg
0
 vapour concentrations at both operating temperatures. It is 
also clear from the figures that the difference between the sensitivity of two sensors is 
relatively higher for lower Hg
0
 vapour concentrations. For instance, the Ag-SAW sensor 
showed almost double the sensitivity (38.8 Hz/ppbv) of its Au counterpart (19.4 Hz/ppbv) 
when exposed toward 24 ppbv of Hg
0
 vapour at 35°C. However, for a much higher 
concentration of Hg
0
 vapour (365 ppbv) at the same operating temperature, the Ag-SAW 
exhibited slightly higher sensitivity of 6.0 Hz/ppbv than the Au-SAW sensor (4.8 Hz/ppbv). It 
can also be observed from Figure 6.6c that the sensitivity of the Ag-SAW sensor remained 
similar for Hg
0
 vapour concentration range of 24-51 ppbv. Furthermore, the sensitivity toward 
different Hg
0
 vapour concentration did not vary significantly for Au-SAW sensor when the 
temperature was increased to 75°C. As shown in Figure 6.6d, the Au-SAW sensor showed a 
sensitivity of 21.2 and 4.5 Hz/ppbv for exposure toward 24 and 365 ppbv of Hg
0
 vapour, 
respectively at an operating temperature of 75°C. However, the sensitivity of Ag-SAW 
sensor was found to decrease at 75°C compared to its value at 35°C. For instance, the 
sensitivity of Ag-SAW sensor for 24 ppbv of Hg
0
 vapour exposure decreased from 38.8 to 
30.5 Hz/ppbv when operating temperature was increased from 35 to 75°C. Moreover, the 
error range of the sensitivity is expected to be higher for lower Hg
0
 vapour concentration as 
the frequency noise would be constant for the sensors regardless of operating temperature. 
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Figure 6.6: LRC fit for the sorption calibration curves of a) Au and b) Ag-SAW sensors 
obtained at 75°; Sensitivity of Au and Ag-SAW sensor for exposure toward different Hg
0
 
vapour concentrations at c) 35°C and d) 75°C. Repeated data points are taken from the 
repeatability test data. 
 
6.5 Repeatability 
The coefficient of variance (CoV) of the sensor’s response was calculated using similar 
method described in Chapter 4, Section 4.8 in order to determine the precision (repeatability) 
of the developed sensor while measuring a number of pulses having the same Hg
0
 vapour 
concentration [10, 11]. To calculate the CoV, six repeated pulses of 365 ppbv Hg
0
 vapour 
were exposed towards the Au- and Ag-SAW sensors at 75°C, as shown in Figure 6.7a and 
Figure 6.7b, respectively. The CoV of the developed Au and Ag-SAW were found to be 
±1.9% (repeatability = 98.14%) and 3.1% (repeatability = 96.9%), respectively indicating the 
developed sensors are capable of measuring the same Hg
0
 vapour concentrations in a 
repeatable manner. 
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Figure 6.7: a) Au-SAW and b) Ag-SAW sensor’s dynamic response toward six consecutive 
pulses of 365 ppbv Hg
0 
vapour at 75°C. 
 
6.6 Selectivity toward Hg
0
 vapour 
To study the cross-sensitivity performance of the sensors, they were both exposed to some 
interfering gas species that are commonly present in industrial applications [10, 11]. The 
developed Au and Ag-sensitive layer based SAW Hg
0
 vapour sensors were exposed toward 
365 ppbv Hg
0
 vapour in the presence of NH3 (120 ppmv), MeCHO (303.4 ppmv), EM (2.61 
ppmv), DMDS (5.01 ppmv), MEK (40.1 ppmv) and humidity (15300 ppmv, RH= 50% at room 
temperature). The test was run at the optimum operating temperature of 75°C (Section 6.3). 
The test pattern was similar to that described in Chapters 4 and 5 and consisted of 12 pulses 
of Hg
0
 vapour with each alternative pulse containing an interfering gas along with Hg
0
 
vapour. Figure 6.8a shows the normalised response of Au and Ag-SAW during the test period 
where it is clear that the response of the sensors did not vary significantly regardless of the 
Hg
0
 vapour being exposed without or with the presence of interfering gas species. To be 
precise, the Au- and Ag-SAW sensors exhibited 4.9 and 6.1% CoV (95.1 and 93.9% 
repeatability) over these pulses, respectively. Taking these uncertainties in repeatability into 
account, the selectivity efficiency of both sensors was calculated using the similar method 
described in Chapter 4 and 5. As stated in Table 6.1, when Hg
0
 vapour was exposed in the 
presence of interfering gas species, the Au and Ag-SAW sensor showed response magnitude 
difference up-to 6.4 and 10.3% (i.e. selectivity efficiency 93.6 and 89.7%), respectively from 
their average response magnitudes that were measured without any interfering gases. Overall, 
it was observed that the selectivity efficiency of the developed SAW sensors did not vary 
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much with the structural design (i.e. sensitive electrode based designs of Chapter 4, 5 and 
sensitive layer designs in current chapter). 
 
Figure 6.8: a) Normalised response of the developed Au and Ag-SAW sensors for 12 pulses 
of Hg
0
 vapour (365 ppbv) with alternative pulses having one interfering gas species at an 
operating temperature of 75°C. In this figure, A= NH3 (120 ppmv), B= MeCHO 
(303.4 ppmv), C= EM (2.61 ppmv), D= DMDS (5.01 ppmv), E= MEK (40.1 ppmv) and 
F= humidity (15300 ppmv or equivalent to 50% RH at ambient temperature). 
 
 
Table 6.1: Selectivity of Au- and Ag-sensitive layer based SAW sensor toward Hg
0
 vapour 
(365 ppbv) when exposed with the presence of interfering gas species 
Tested interfering gases along 
with Hg0 vapour 
Difference in response 
magnitudes (%) 
Selectivity efficiency 
(%) 
 Au-SAW Ag-SAW Au-SAW Ag-SAW 
NH3 -1.0 -10.3 99.0 89.7 
MeCHO   6.4 9.4 93.6 90.6 
EM 3.7 -3.1 96.3 96.9 
DMDS 2.4 3.2 97.6 96.8 
MEK 4.6 7.1 95.4 92.9 
H2O vapour -5.8 -4.2 94.2 95.8 
  
6.7 Summary and conclusions 
SAW based Hg
0
 vapour sensors with Ni IDTs and either Au or Ag dedicated thin film 
sensitive layer have been developed and comparatively analysed. The Au sensitive layer 
based SAW Hg
0
 vapour sensors reported in the literature utilised Al as IDT metal, which is 
well-known for its high solubility in mercury. This would potentially affect the long term 
performance of the SAW sensor as Al IDT would be potentially damaged as a result of 
interaction with Hg. In this context, use of Ni IDT allowed investigating the effect of 
dedicated sensitive layer on Hg
0
 sensing performance as Ni is known to be immiscible in 
elemental mercury. Several interesting observations were made throughout this study 
including: 
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 The Au- and Ag-SAW sensors produce approximately similar response magnitudes 
for Hg
0
 vapour concentrations around 24 ppbv at all tested operating temperatures, 
however the Ag-SAW sensor showed significantly higher response magnitudes than 
the Au-SAW sensor when exposed toward Hg
0
 vapour with significantly higher 
concentration. For example, the Ag-SAW showed ~100% and ~50% higher response 
magnitudes than the Au-SAW when 365 ppbv of Hg
0
 vapour was exposed at 35 and 
75°C, respectively.  
 The Ag-SAW sensor showed lower average recovery efficiency (~45%) than its Au- 
counterpart (~60%) when operated at 35°C which may be due to mercury penetrating 
further into the bulk of Ag over Au. However, both sensors showed >90% recovery 
efficiency at an elevated operating temperature of 75°C. This indicates that once both 
surfaces are saturated with mercury and operated at high operating temperature, most 
of the mercury is only loosely adsorbed to the surface and is desorbed during the dry 
N2 exposure of the sensing event. 
 The Ag-SAW sensor possessed a faster response time (12.6 min) compared to the Au-
SAW sensor (23.4 min) at a higher operating temperature of 75°C. Further analysis of 
sorption rate indicated that the significantly faster response time of Ag based SAW at 
75°C may be due to the sorption rate asymptote faster toward zero than the Au based 
sensor.  
 The calibration curves of both Au- and Ag-SAW sensors were found to fit well with 
the LRC regardless of operating temperatures tested. As expected, the sensitivity of 
both sensors showed a non-linear relationship with the Hg
0
 vapour concentrations and 
was generally higher for lower Hg
0
 vapour concentrations. The Ag-SAW sensor was 
found to have higher sensitivity toward different Hg
0
 vapour concentrations than the 
Au-SAW sensor, regardless of operating temperature (35 and 75°C). For example, 
when exposed toward 24 ppbv of Hg
0
 vapour at 35°C, the Ag-SAW sensor showed 
almost double sensitivity (38.8 Hz/ppbv) from its Au counterpart (19.4 Hz/ppbv). 
 The maximum sorption rate of Ag-SAW sensor increased with increasing operating 
temperature (553 and 600 Hz/min at 35 and 75°C, respectively) while a significant 
decrease in maximum sorption rate was observed for Au-SAW sensor (631 and 
437 Hz/min at 35 and 75°C, respectively).  
 The developed Au sensitive layer based SAW sensor showed LoD of ~1.4 and 4 ppbv 
at 35 and 75°C, respectively while LoD of ~1.5 and 5.4 ppbv was calculated for Ag-
121 
 
SAW sensor operating at 35 and 75°C, respectively. Interestingly, the LoD of both 
sensitive layer based SAW Hg
0
 vapour sensors are lower than their corresponding 
electrode based designs (Chapter 4 and 5) at an operating temperature of 75°C, 
however, are higher at 35°C. The analysis showed that the insertion loss and effect of 
operating temperatures in noise magnitudes of the sensor was mainly responsible for 
the variation in LoD rather than the sensitivity of the developed sensors toward Hg
0
 
vapour. 
 The Au-SAW sensor showed slightly better selectivity (i.e. selectivity 
efficiency: 93.6-99.0%) compared to the Ag-sensitive layer based SAW sensor 
(selective efficiency of 89.7-96.9%) when 365 ppbv of Hg
0
 vapour was exposed along 
with NH3, MeCHO, EM, DMDS, MEK and humidity at an operating temperature of 
75°C. 
The overall analysis indicates that the sensors with different designs and sensitive metal 
surfaces can be implemented for different Hg
0
 vapour sensing applications depending on 
the operating temperature and sensitivity requirements.  
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Chapter 7 
 
Chapter VII:Direct growth of Ni-Au 
nanostructures on SAW 
device electrodes for Hg
0
 
vapour sensing 
 
 
 
 
In this chapter, the development of the novel SAW based sensors that utilise nickel (Ni)-
gold (Au) nanostructured IDT electrodes is presented for Hg
0
 vapour sensing applications. 
The Ni-Au alloy nanostructures were grown directly on the SAW IDTs using galvanic 
replacement (GR) reaction. The electrical and surface characterisation studies carried out 
allowed for the analysis of the factors affecting the performance of the developed device. 
The effect of the different GR reaction time on the response magnitudes of the sensor 
toward Hg
0
 vapour is discussed. Furthermore, sensitivity, selectivity and sorption and 
desorption characteristics of the developed SAW based Hg
0
 vapour sensors are 
investigated. 
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7.1 Au nanostructures as sensitive elements 
In recent years, the sensitive layer of SAW based sensors were successfully modified with 
novel nanomaterials such as graphene-like nanosheets, polyaniline/In2O3 nanofibre and 
nanoporous materials for detection of gases such as H2, NO2, NH3, etc. [1-9]. So far, little 
emphasis has been given in utilising the surface of the SAW electrodes to enable the device 
to detect gas species without requiring additional sensitive layer. Furthermore, no other 
studies exist where nanomaterials have been utilized on SAW devices to enhance their 
sensing performance toward Hg
0
 vapour. In Chapters 4 and 5, it was shown that the 
electrodes of a SAW sensor can be made active toward Hg
0
 vapour and good sensitivity and 
selectivity was achieved. In this Chapter, the choice of the electrode material is such that it is 
inactive toward Hg
0
 vapour, however the focus is on modifying the surface of these IDT 
fingers (employing Au based nanostructures) so that they become sensitive toward mercury 
vapour. Therefore the concept presented in this chapter can be applied to a wide range of 
other chemical sensing applications. 
 
One of the most effective, yet simple methods to grow Au nanostructures on the Ni electrodes 
is through a process called galvanic replacement (GR) [10-12]. GR is a simple reaction where 
the ions of a certain metal in solution react with another metal’s atoms having a relatively 
lower electrochemical reduction potential. The metal atoms with the lower reduction potential 
oxidise and dissolve into the surrounding liquid environment while the metals ions in solution 
with the higher electrochemical reduction potential are reduced and deposited on the template 
of the metal with the lower electrochemical reduction potential. Although a well-known 
process for a long time, GR reactions have recently been utilised in creating large surface 
area and defect sites rich based nanomaterials, and more recently, on thin metal films 
comprising of noble metals such as Ag and Au [13, 14]. A few studies have also shown that 
highly active Au nanostructures can be grown on the surfaces of less noble metal electrodes 
(i.e. Ni or Pd) of a gravimetric sensor (i.e. QCM) and utilised for the detection of Hg
0
 vapour 
[10, 11].  
 
In this chapter, it is shown that Ni-Au alloy nanostructures can be grown directly on the 
electrodes of a surface acoustic wave (SAW) to form Au nanostructures which act as the Hg
0
 
vapour sensitive layer. Similar to the design employed in Chapters 4 and 5, the SAW device 
design used in this chapter also does not have a sensitive layer between the electrodes. 
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Therefore the GR reaction will occur directly on the electrode fingers, forming Ni-Au 
structures without the need for any additional lithography steps to be undertaken. The GR 
reaction was undertaken by utilising different reaction times in order to obtain the optimum 
GR reaction conditions. SAW sensors were fabricated and tested for their Hg
0
 sensing 
capability, each having a different extent of Ni-Au structure formation. The resultant 
modified SAW sensors were tested toward Hg
0
 vapour concentrations ranging between 24-
365 ppbv at various operating temperatures. Selectivity performance of the optimum sensor in 
the presence of common industrial interfering gas species was also investigated. 
7.2 Device development 
The SAW device fabrication procedure is similar to that discussed in Chapter 3 [12]. As 
opposed to the ~131 MHz device developed in the previous studies (Chapters 4, 5 and 6), 
SAW devices with a lower resonance frequency (~43.8 MHz) were utilised here. A larger 
electrode finger spacing (i.e. 18 µm for ~43.8 MHz devices compared to ~6 µm of ~131 MHz 
devices) allowed minimising the edge effects between the electrodes. The growth of Au 
nanostructures on the edge of the electrodes may create short circuit due to the narrow space 
between the electrodes and thus may affect the operability of the SAW device. These effects 
are common in electrochemical discipline when metals are electrodeposited on to a 
conductive surface such as the IDT electrodes used in the SAW device. All SAW devices 
were fabricated on ST cut quartz where the IDTs were based on Ni thin-films with 100 nm 
thickness along with 10 nm thick Ti adhesion layer. The use of the Ti adhesion layer was 
especially necessary in this study as Ti is resistant to the Au solution (HAuCl4) etching 
process used to react with the overlaying Ni layer. Furthermore, the Ti adhesion layer would 
adhere to quartz and to both Ni and Au, thereby making it to best choice for this application. 
The SAW mask contained 180 finger pairs in each IDT with 18 µm width and spacing (i.e. 
72 µm per wavelength (λ)) while having an aperture of 1700 µm. A distance of 205λ was 
maintained between the centres of the IDTs.  
 
Au nanostructures were grown on the Ni electrode surface by dipping the fabricated SAW 
devices into a 3 ml of 1 mM chloroauric acid (HAuCl4) solution. Different reaction times (10, 
20 and 30 minutes) were maintained for 3 different samples. The reaction between Au
3+
 and 
Ni
0
 ions (Equation 7.1) is thermodynamically favourable as Au
3+
/Au pair has much higher 
standard reduction potential than the Ni
2+
/Ni pair counterpart (+1.4 V compared to -0.25 V 
vs. standard hydrogen electrode (SHE)) [11, 15]. When the SAW devices with Ni electrodes 
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are dipped into the HAuCl4 solution, the solid Ni
0
 atoms start to oxidise and dissolute into the 
surrounding solution as Ni
2+
 ions. On the other hand, the Au
3+
 ions in solution reduce to Au
0
 
at the Ni film. As a result, only two Au atoms replace three Ni atoms therefore creating 
defects and highly active bi-metallic structures on the Ni electrode surface. 
 
3Ni
0
(s) + 2Au
3+(aq.) → 2Au0(s) + 3Ni2+(aq.)     (7.1) 
 
Figure 7.1: Schematic representation of the a) SAW sensor and b) Galvanic replacement 
reaction process. 
 
7.3 Sensor characterisation 
To analyse the effects of Ni-Au GR reaction on a SAW device operation, electrical and 
surface characterisation were carried out, which will be discussed in the following 
subsections. 
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7.3.1 Electrical characteristics analysis 
To study the effects of Ni-Au GR reaction on a SAW device insertion loss and resonance 
frequency characteristics, frequency response of a SAW device at different stages of GR 
reaction were taken. It can be seen from Figure 7.2 that the Ni (non-modified) SAW had an 
insertion loss of 13 dB at its resonant frequency of 43.784 MHz. The device’s resonance 
frequency and the corresponding insertion loss decreased to 43.739 MHz and 15.6 dB, 
respectively after undergoing GR reaction in 1 mM solution for 10 minutes. The increase in 
the insertion loss and the negative shift in the resonance frequency of the device were due to 
the mass loading of the Au nanostructure on the surface, which had resulted from the Ni-Au 
GR reaction. During the GR reaction, the Au
3+ 
ions (atomic mass: 3.27×10
-25
 kg) 
continuously replaced the Ni
0
 ions that have relatively lower atomic mass of 9.75×10
-26
 kg 
and thereby gave rise to the mass of the electrode surface. The same sample was then 
exposed to a further 10 minutes in the same solution so that it had an effective GR reaction 
time of 20 minutes. The resonance frequency and the corresponding insertion loss of the 
SAW device were found to decrease further to 43.689 MHz and 18.3 dB, respectively. 
Furthermore, when the GR was performed for a further 10 minutes (30 minutes in total), the 
device’s insertion loss had a significant increase (25 dB) at the resonance frequency of 
43.644 MHz. It was also observed that the characteristic shape (centre lobe) of the sensor’s 
frequency response had degraded drastically from its original nickel control (i.e. Ni-ctrl) 
state. It was also found that the sensor stopped oscillating when used as the primary 
frequency control element in a closed loop oscillator circuit, presumably due to the heavy 
mass loading on the electrodes’ surface. This was may be due to the minimum insertion loss 
of the sensor that underwent 30 minutes of GR being lower than the gain of amplifier.  
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Figure 7.2: Frequency response of a SAW device at different stages of GR reaction. 
 
7.3.2 Surface morphology analysis 
SEM and AFM characterisation was carried out in order to investigate the change in 
morphology of the SAW devices’ surface that occurred due to Ni-Au GR reaction, performed 
with different reaction times of 10, 20 and 30 minutes. These are discussed in the following 
subsections. 
7.3.2.1 SEM characterisation 
Figure 7.3a shows the SEM image of the control Ni-ctrl electrode (no GR reaction 
performed) where flat Ni film with small grains (<10 nm) can be observed. Figures 7.3b, 7.3c 
and 7.3d show the SAW electrode surface when 1 mM HAuCl4 solution was used to undergo 
GR reaction for 10, 20 and 30 minutes, respectively. It can be observed from Figure 7.3b that 
scattered island shaped Au nanostructures were grown on the Ni surface with maximum size 
of ~100 nm when the GR reaction was undertaken for 10 minutes. It can be observed from 
Figure 7.3c that when the GR of same time length was performed for 20 minutes, larger 
number of Au nanostructured islands of ~40-50 nm size were formed and ultimately merged 
together to form a film with some bigger islands in the random areas of the surface. 
Figure 7.3d shows the SEM image of the Ni electrode surface after the GR reaction for a 
30 minutes period which indicates that the surface contains large number of merged Au 
nanostructures.   
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Figure 7.3: SEM images of SAW devices’ electrode having undergone GR reaction for a) 0 
min (Ni-ctrl surface); b) 10 min c) 20 min and d) 30 min in 1 mM HAuCl4 solution. 
 
7.3.2.2 AFM characterisation 
AFM characterisation was performed in order to study the effect of GR reaction on the 
roughness changes of the SAW devices’ electrode surface. Figure 7.4a shows the AFM image 
of the control Ni electrode surface while Figures 7.4b, 7.4c, 7.4d show the AFM images of 
SAW electrode that underwent GR reaction for 10, 20 and 30 minutes in 1 mM HAuCl4 
solution, respectively. It can be observed that the Au islands started to grow on the Ni surface 
due to Ni-Au GR reaction. At first glance when comparing Figures 7.4b, 7.4c and 7.4d, it can 
be seen that the size of nanostructured Au islands have been reduced significantly when the 
reaction time was increased from 10 to 20 and to 30 minutes, respectively. However, this 
observation is due to the formation of continuous films in the cases of 20 and 30 minutes as 
opposed to 10 minutes reaction time as was observed from the SEM images and therefore the 
smaller structures observed are in fact surface features on the Au structures formed.  
 
AFM analysis also revealed that both the root-mean square roughness (Rq) and average 
roughness (Ra) of the electrode surface decreased significantly from 23.7 nm and 18.9 nm to 
5.4 nm and 4.3 nm, respectively, when the GR reaction time was increased from 10 to 
20 minutes. However, when the GR time was increased by a further 10 minutes (30 minutes 
500 nm
500 nm 500 nm
500 nm
a) b)
c) d)
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in  total), the surface roughness did not vary significantly from the surface of 20 minutes GR 
reaction, with Rq and Ra values of 7.1 and 5.6 nm, respectively. Surface roughness images 
can be found in Appendix E, Figure E1. 
 
Figure 7.4: AFM images of SAW devices’ electrode having undergone GR reaction for a) 0 
min GR reaction (Ni-ctrl surface); b) 10 min c) 20 min and d) 30 min GR in 1 mM HAuCl4 
solution. 
7.3.3 Surface chemical analysis 
To investigate the effect of GR reaction on the chemical composition of the electrode surface, 
EDX and XPS analysis was carried out, which are discussed in the following subsections. 
7.3.3.1 EDX characterisation 
To gain an insight into the uniformity of the Au nanostructures formed on the surface of the 
electrodes, EDX mapping of the SAW sensor’s surface which went through GR reaction in a 
1 mM Au solution for 20 minutes was performed. This sample was chosen due to having 
maximum gold loading while the SAW sensor was still operating. Figure 7.5a shows the 
SEM image of the electrode area where the EDX mapping was carried out while Figures 7.5b 
and 7.5c show the corresponding EDX mapping for Au and Ni elements on the electrodes. As 
could be seen from these images, the larger structures formed are in fact Au nanoparticles 
uniformly spread on the surface of the electrodes. Furthermore, it is evident from Ni mapping 
that not all Ni film on the surface had undergone GR reaction in a uniform manner indicating 
there are sites on the film where GR reaction is more preferred over other areas. This could 
X=100 nm/div
Z= 30 nm/div
X= 100 nm/div
Z= 10 nm/div
X= 100 nm/div
Z= 100 nm/div
X= 100 nm/div
Z= 30 nm/div
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be due to the fact that Ni substrates can easily oxidise to its oxide or hydroxide forms [11, 16] 
(see Section 7.3.3.2 for in-depth discussion). Figure 7.5d shows the corresponding EDX 
spectra of the electrode surface. The results show that almost equal portion of Ni and Au (~50 
Wt%) are available on the 20 min-GR SAW electrode. 
 
Figure 7.5: a) SEM image of 20 min-GR SAW electrode’s EDX mapping area; EDX 
mapping of b) Au and c) Ni elements and d) EDX spectra of the scanned electrode area. 
 
7.3.3.2 XPS analysis 
To further understand the surface composition and chemical state of the structures formed as 
a result of GR reaction, XPS analysis was carried out. Figure 7.6a shows the XPS related to 
Ni 2p core level obtained from the Ni electrode surface before GR reaction. It can be 
observed that Ni electrodes are mostly composed of Ni
0
 (852.68 ev) and Ni
2+
, indicating a 
part of the surface of the electrodes are oxidised to form NiO(OH) given the peak at 855.68 
ev [11, 16]. The O1s core level in Figure 7.6b showed the existence of three different oxygen 
peaks which are related to adsorbed hydroxyl molecules [17], the hydroxide (531.3 eV) 
(labelled [NiO]OH) and the O
2−
 component (529.3 eV) (labelled NiO[OH]) [18] in the 
NiO(OH) band, which confirmed the formation of Ni metal and NiO(OH) at the surface of 
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the electrodes. However, these NiO(OH) species are believed to easily dissolve into the Au 
solution (pH ~3) during GR reaction as nickel based hydroxides are well-known to be soluble 
in low pH solutions [19]. XPS result for Ni 2p cores level of the sample placed in the 1 mM 
HAuCl4 solution for 20 minutes can be seen in Figure 7.6c, while Figure 7.6d shows the 
results for Au 4f core level. It is clear from these figures that the amount of Au (peak at 
84.2 eV in Au 4f core level) is higher than Ni on the surface following a 20 minute GR 
reaction in 1 mM HAuCl4 solution. It should be noted that, XPS has an X-ray penetration 
depth of ~2–3 nm which allows for the chemical state analysis at the electrodes’ surface as 
opposed to EDX analysis which has significantly larger interaction volume and thus more 
representative of the bulk analysis of the thin film electrodes and therefore the ratio of Au 
shown by EDX is comparatively lower than the XPS analysis.  
 
Figure 7.6: XPS spectra of a) Ni 2p and b) O1s core level of control Ni surface and XPS 
spectra of c) Ni 2p and d) Au 4f core level of Ni surface for 1 mM HAuCl4 20 min sample.   
a) b)
c) d)
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7.4 Hg
0
 sensing performance 
The Hg
0
 vapour sensing performance of the developed Ni-Au nanostructure electrode based 
SAW sensors are discussed in this section. 
7.4.1 Effect of GR reaction time on sensitivity 
Prior to obtain the Hg
0
 sensing data, a Ni-ctrl sensor and the modified sensors that did 
oscillate following their electrode modification through GR reaction (10 min- and 
20 min-GR SAW) were tested for their sensitivity toward Hg
0
 vapour. First, exposure toward 
24 ppbv of Hg
0
 vapour over 4 pulses period was necessary as a preconditioning step. Then, 
the sensors were exposed toward different Hg
0
 vapour concentrations (24-365 ppbv) at an 
operating temperature of 35°C in order to analyse the sensors’ sensitivity toward Hg0. The 
Ni-ctrl sensor was found not to respond toward Hg
0
 vapour. This was not unexpected given 
the inertness of Ni toward Hg
0
 and the fact that Ni based containers have been used to safely 
contain Hg
0
 for this reason [20, 21]. However, the SAW devices with galvanically replaced 
Ni-Au nanostructures exhibited significant frequency changes when exposed toward Hg
0
 
vapour. As expected, the 20 min-GR SAW exhibited higher frequency shift than the 
10 min-GR SAW device as it had relatively higher amount of Au on the electrode surface. 
Larger number of Au nanostructures allowed more Hg-Au amalgamation to occur and thus 
the 20 min-GR SAW sensor exhibited relatively higher perturbation in its surface. As shown 
in Figure 7.7, 10 min-, and 20 min-GR SAW sensor showed ~280 Hz and ~1000 Hz response 
magnitudes toward a pulse of 365 ppbv of Hg
0
 vapour, respectively.  
 
Figure 7.7: Dynamic response of the Ni-ctrl, 10 min- and 20 min-GR SAW sensor toward a 
pulse containing 365 ppbv Hg
0
 vapour. 
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7.4.2 Effect of operating temperature on sensor’s performance 
Further testing and analysis was carried out for the 20 min-GR SAW sensor only as it had 
shown better sensitivity toward Hg
0
 vapour over the other sensors developed. The effects of 
operating temperature on the sensor’s Hg0 vapour sensing performance are discussed in the 
following subsections. 
 
7.4.2.1 Response magnitudes and limit of detection 
The developed SAW device was tested for its Hg
0
 sensing performance at various operating 
temperatures between 35°C and 75°C. Figure 7.8a shows the dynamic response of the sensor 
toward consecutive pulses of 24, 51, 104, 195 and 365 ppbv of Hg
0
 vapour when the 
operating temperature was kept constant at 35°C and then at 75°C. The response magnitudes 
of the sensor toward any particular Hg
0
 vapour concentrations decreased when the operating 
temperature was increased. It can be observed from Figure 7.8a that the sensor showed a 
frequency shift of 133 to 969 Hz for exposures toward 24-365 ppbv of Hg
0
 vapour at 35°C 
while exhibiting 66 to 300 Hz frequency shifts toward the same Hg
0
 vapour concentrations at 
a higher operating temperature of 75°C. The temperature profile of the sensor can be 
observed from Figure 7.8b which further illustrates the effect of operating temperature on the 
sensitivity of the developed SAW device. It can be observed that the response magnitudes of 
the sensor toward different concentrations of Hg
0
 vapour decreased significantly when the 
temperature was increased from 35°C to 55°C, however became stable for the temperatures 
between 55°C to 75°C. This trend in the sensitivity clearly affected the LoD of the developed 
sensor, as shown in Table 7.1. The LoD was calculated by utilising the similar method used 
in previous chapters (Chapter 4, 5 and 6) that involved three standard deviation of the 
sensor’s noise profile when exposed to a blank pulse (0 ppbv Hg
0
 vapour or dry N2) for a 
period of 30 minutes. As expected, the developed sensor showed the lowest LoD of 1.3 ppbv 
at an operating temperature of 35°C, which increased to LoD of 2.8 ppbv and 5.8 ppbv at 
45°C and 55°C, respectively. The LoD of the sensor was found stable beyond 55°C where the 
sensor showed 7.0 ppbv and 7.3 ppbv LoD at 65°C and 75°C, respectively. The Ni-Au based 
sensor showed a lower LoD than the Au electrode sensor (reported in Chapter 4) at 75°C (7.3 
ppbv compared to 15 ppbv) even though exhibiting a higher LoD than the Au electrode based 
sensor at room temperature (1.3 ppbv compared to 0.7 ppbv). However, it should be noted that 
the LoD of the sensor is affected by its resonance frequency. As shown in Chapter 2, 
Equation 2.4, the sensitivity of a SAW device is directly proportional to the operating 
frequency of the device with the frequency shift being the square root of the resonance 
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frequency. Moreover, the frequency noise magnitudes can also be expected to increase with 
the resonance frequency. In current study, the Ni-Au based sensor had approximately a one 
third resonance frequency of the Au electrode based SAW sensor reported in Chapter 4.  
 
Figure 7.8: a) Dynamic response of the 20 min-GR SAW sensor toward different 
concentrations of Hg
0
 vapour; and b) Temperature profile of the developed 20 min-GR SAW 
sensor when exposed toward 24-365 ppbv of Hg
0
 vapour at various temperatures between 35-
75°C.  
 
Table 7.1: LoD of the 20 min-GR SAW sensor at different operating temperatures 
Operating Temp. (°C) LoD (ppbv) 
35 1.3 
45 2.8 
55 5.8 
65 7.0 
75 7.3 
 
7.4.2.2 Recovery efficiency and response time 
Even though the response magnitudes decreased at the elevated temperature, it was observed 
that the stability of baseline frequency of the sensor improved significantly, as indicated by 
dotted lines in Figure 7.8a. This was due to the relatively higher recovery efficiency of the 
sensor at 75°C (average recovery efficiency= 99%) compared to 35°C (average recovery 
efficiency= 84%). Another major advantage of the sensor operating at higher operating 
temperature was its relatively faster response time. It is clear from Figure 7.9a that the t90 of 
the sensor decreased from 19 min to 12 min when the operating temperature was increased 
from 35 to 75°C. That is, the Ni-Au electrode surface reached its peak value in a relatively 
shorter period and exhibited a significantly faster response time at 75°C compared to 35°C. In 
fact, the developed 20 min-GR SAW sensor showed faster response time compared to the Au 
electrode based sensor presented in Chapter 4. This can be realised from Figures 7.9b 
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and 7.9c where the t90 of Au and Ni-Au electrode based SAW Hg
0
 vapour sensors for a 
365 ppbv Hg
0
 vapour pulse has been compared. As shown, the Ni-Au sensor (20 min-GR 
SAW) showed a t90 of 19 min when operated at 35°C, which is lower than the t90 of Au (23 
min) based sensor. When the operating temperature was raised to 75°C, the t90 of the Ni-Au 
sensor (20 min-GR SAW) reduced significantly to 12 min while the t90 of Au electrode based 
sensor was 22 min. The relatively faster response time of the Ni-Au based sensor was 
possibly due to lower extent of diffusion processes as a result of smaller Au nanostructures 
rather than that observed for a continuous thin-film electrode.  
 
Figure 7.9: a) Normalised dynamic response of the 20 min-GR SAW sensor showing the 
response time of the sensor at 35 and 75°C; Normalised dynamic response of the Au 
(presented in Chapter 4) and 20 min-GR SAW sensor, comparing the response time of the 
sensors at b) 35°C and c) 75°C. 
 
a) b)
0 1 2
-100
-80
-60
-40
-20
0
20
t
90
=19 min (35°C)
  35°C
  75°C
 
 
N
o
rm
a
li
z
ed
 S
en
so
r 
R
es
p
o
n
se
 (
%
)
Time (h)
t
90
=12 min (75°C)
0.0 0.5 1.0 1.5 2.0
-100
-80
-60
-40
-20
0
20
 
 
 Au
 20 min-GR
Operating Temp: 75°C
t
90
=22 min (Au)
t
90
=12 min (20 min-GR)
N
o
rm
a
li
z
ed
 S
en
so
r 
R
es
p
o
n
se
 (
%
)
Time (h)
0.0 0.5 1.0 1.5 2.0
-100
-80
-60
-40
-20
0
Operating Temp: 35°C
t
90
=19 min (20 min-GR)
 Au
 20 min-GR
 
 
N
o
rm
a
li
z
ed
 S
en
so
r 
R
es
p
o
n
se
 (
%
)
Time (h)
t
90
=23 min (Au)
c)
137 
 
7.4.2.3 Repeatability of response magnitudes 
Furthermore, the developed 20 min-GR SAW sensor was found to detect Hg
0
 vapour of same 
concentrations in a repeatable manner regardless of operating temperature. It can be observed 
from Figures 7.10a and 7.10b that the developed sensor did not exhibit significant deviation 
in its response when 365 ppbv of Hg
0
 vapour was exposed at 35°C and 75°C, respectively. 
That is, the CoV of the developed sensor was 3.34 and 3.07% (repeatability = 96.66 and 
96.73%, respectively) when it was exposed toward six repeated pulses of Hg
0
 vapour with 
365 ppbv concentration at 35°C and 75°C, respectively.  
 
 
Figure 7.10: Dynamic response of the 20 min-GR SAW sensor when exposed toward 
365 ppbv of Hg
0
 vapour at a) 35°C and b) 75°C. 
 
7.4.2.4 Sorption/desorption rates 
Figure 7.11 shows the sorption and desorption rate profile of the developed 20 min-GR SAW 
sensor when exposed toward a 365 ppbv Hg
0
 vapour pulse at 35°C and 75°C, respectively, 
which was obtained by differentiating the corresponding dynamic response. It is clear from 
Figure 7.11 that both sorption and desorption rate peaks of the sensor increased at higher 
operating temperature with the sensor showing maximum sorption rates of ~10 and 
~26 Hz/min and maximum desorption rates of ~7 and ~13 Hz/min at 35°C and 75°C, 
respectively. Furthermore, the sensor took only ~56 s to reach its maximum sorption rate 
when operated at 75°C, which is much faster than time it needed at 35°C (~85 s). The higher 
solid-vapour interaction rate at elevated operating temperature allowed the sensor surface to 
reach its maximum sorption capacity at a relatively shorter time, as described in 
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Section 7.4.2. Moreover, the relatively higher amount of energy possessed at elevated 
operating temperature also allowed the sensor surface to reach its maximum desorption 
capacity faster than the lower operating temperature. For instance, the sensor also reach it’s 
desorption rate peak relatively faster (~80 s) when an operating temperature of 75°C was 
maintained compared to 35°C (~92 s), as shown in Figure 7.11.  
 
Figure 7.11: Sorption and desorption rates of the developed 20 min-GR SAW sensor when 
exposed toward Hg
0
 vapour of 365 ppbv. 
 
7.4.3 Calibration curves and sensitivity 
The developed 20 min-SAW sensor showed similar calibration curve trends as Au and Ag 
based SAW sensor presented in the earlier chapters of this thesis (Chapter 4, 5, 6 and 7). That 
is, the calibration curves of the developed 20 min-GR SAW sensors have fitted well when 
employing the Loading ratio correlation (LRC) with R
2
>0.98 regardless of the operating 
temperatures. Figures 7.12a and 7.12b show the LRC for 35 and 75°C, respectively. That 
means the sensitivity of the developed sensor increases as Hg
0
 vapour concentrations 
decreases and can be defined as equation 4.2. It can be observed from Figures 7.12c that the 
sensitivity of the developed sensor decreased with increasing Hg
0
 vapour concentrations at 
both operating temperatures of 35 and 75°C, respectively. A sensitivity of 5.2 and 
1.2 Hz/ppbv was observed when 24 and 365 ppbv of Hg
0
 vapour exposed at 35°C, 
respectively. The sensor showed a sensitivity of 1.7 and 0.4 Hz/ppbv for 24 and 365 ppbv of 
Hg
0
 vapour exposure when an operating temperature of 75°C was utilised. These 
observations indicate that the developed sensor is capable of detecting relatively lower Hg
0
 
vapour concentrations at both operating temperatures. 
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Figure 7.12: LRC fits for the calibration curves of the 20 min-GR SAW sensor at a) 35 and 
b) 75°C and c) Sensitivity of the developed sensor for different concentrations of Hg
0
 vapour 
exposure at 35 and 75°C.  
 
7.4.5 Effect of interfering gases on Hg
0
 sensing performance 
The selectivity of the developed 20 min-GR SAW sensor toward Hg
0
 vapour was 
investigated by utilising the same test pattern described in previous chapters (Chapter 5 and 
6) which involved continuous exposure of 365 ppbv of Hg
0
 vapour with an alternative pulse 
having one of the interfering gas species (i.e. A= 120 ppmv NH3, 303.4 ppmv MeCHO), 
C= 2.61 ppmv EM, D= 5.01 ppmv DMDS, E= 40.1 ppmv MEK  and F= 15300 ppmv 
humidity, equivalent to 50% RH at ambient temperature). The first test was carried out at an 
operating temperature of 75°C. Figure 7.13a shows the dynamic response of the sensor 
during the test where it can be observed that the sensor’s response toward Hg0 vapour 
deviated by 2.8-26.1% (i.e. Selectivity efficiency= 73.9-97.2%, as stated in Table 7.2) when 
one of NH3, MeCHO, DMDS, MEK and humidity was present in the stream. However, the 
sensor showed a substantial false negative in the response profile when EM (i.e. pulse Hg+C) 
was introduced in the gas stream. A difference of 52.6% in response magnitude was observed 
when Hg
0
 vapour was exposed with EM (Table 7.2), which is a significant error.  This false 
negative in the sensor’s response when EM was exposed may be due to the S-H functional 
group of the chemical species which can undergo chemisorption reactions to form self-
assembled monolayers and adhere to the metal surface [22]. The whole test was repeated at 
85°C as this effect potentially may reduce at higher operating temperature due to the 
relatively higher vapour pressure of all gas species while maintaining sufficient Hg
0
 affinity 
toward the surface [23]. Figure 7.13b shows the dynamic response of the sensor when the 
selectivity test was repeated at 85°C. It can be observed that the sensor showed a significant 
improvement of selectivity in the presence of EM (i.e. response magnitude difference= 
18.50%). However, it can also be observed from Figure 7.13b that the noise magnitudes of 
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the sensor increased substantially at this temperature which resulted in the sensor showing 
instability in its recovery stage. This may be due to the recovery time being too long as it is 
understandable that the frequency drift would be higher for a longer period. This indicates the 
noise can be reduced by employing shorter exposure and recovery time From the response 
profiles, it is clear that these noise magnitudes are substantial toward the end points of the 
sorption/recovery where they are close to reaching saturation stage. To investigate this 
hypothesis, the selectivity test was again repeated at 85°C while maintaining Hg
0
 vapour 
exposure and recovery times of 6 and 24 minutes, respectively as opposed to 30 minutes and 
90 minutes used so far. It can be observed from the dynamic response of the sensor during the 
test (Figure 7.13c) that the noise magnitudes of the sensor’s response decreased significantly 
which also improved the stability of the sensor. Furthermore, the sensor also showed overall 
selectivity efficiency of 73.7-97.4% for exposure of Hg
0
 vapour with different interfering gas 
species including EM (Table 7.2). Although the selectivity of the sensor is satisfactory when 
considering the requirements of some industries such an Alumina industry, the selectivity is 
not as high as those achieved for Au and Ag based sensors presented in the previous chapters. 
This can be improved in two ways. The first being the use of filters or pre-treatment of the 
gas and the second being the use of an alternative base metal over nickel.  However it should 
be considered that the concentration of EM used in the study is well above the worst case 
limits that are expected in the real world and could be combated by using a sensor array 
which also test for S-H function group base chemicals. 
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Figure 7.13: Dynamic response of 20 min-GR SAW sensor toward consecutive pulses of Hg
0
 
vapour (365 ppbv) with alternative pulses having an interfering gas introduced in the gas 
steam at an operating temperature of a) 75°C and b) 85°C, and c) the same test repeated with 
6 min exposure and 24 min recovery time at 85°C. In these figures, A= NH3, B= MeCHO, 
C= EM, D= DMDS E= MEK and F= humidity 
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Table 7.2: Selectivity of 20 min-GR SAW sensor toward Hg
0
 vapour (365 ppbv) when 
exposed with interfering gas species 
Interfering gas exposed with 
Hg0 vapour 
Response magnitude difference (%) Selectivity Efficiency 
(%) 
 75°C 
 
85°C 75°C 
 
85°C 
 
  30+90 min 6+24 min  30+90 min 6+24 min 
NH3 21.6 26.1 2.6 78.4 73.9 97.4 
MeCHO 14.8 18.5 3.4 85.2 81.5 96.6 
EM 52.6 38.1 26.3 47.4 61.9 73.7 
DMDS 2.8 9.5 13.1 97.2 90.6 86.9 
MEK 26.1 5.6 8.0 73.9 94.4 92.0 
Humidity 24.4 34.2 -13.0 75.6 65.8 87.0 
 
7.5 Summary and conclusions 
Hg
0
-inert metal-based SAW devices (Ni in this case) were modified with Au nanostructures 
in order to develop nanomaterials based SAW Hg
0
 vapour sensor for the first time. In fact, 
nanomaterials based SAW Hg
0
 vapour sensors were developed and tested under simulated 
industrial conditions for the first time in this research program. Au nanostructures were 
directly formed on the Ni electrodes through galvanic replacement (GR) reaction of SAW 
sensors.  The devices were fabricated in a way that omitted a dedicated sensitive layer and 
thus reduced the need for an additional photolithography steps to incorporate nanomaterials 
on the surface. Different GR reaction times were utilised in order to tailor the performance of 
developed SAW devices. The developed sensors were tested initially for their sensitivity 
toward Hg
0
 vapour at 35°C while the sensor with the highest sensitivity was utilised for 
further sensing tests and analysis.  The major findings in this chapter are: 
 The size and number of Ni-Au alloy nanostructures on the SAW electrode can be 
varied by controlling the GR reaction time. For instance, when the GR reaction was 
performed by increasing the reaction time from 10 to 20 minutes in 1 mM Au solution 
the size of island shaped Au nanostructures decreased from ~100 nm to ~40-50 nm, 
respectively while also showing an increase in the number of nanostructures.  
 SAW device with 20 minutes GR in 1 mM HAuCl4 solution can be utilised for 
growing optimum size and number of Ni-Au alloy nanostructures on the electrode 
surface for Hg
0
 vapour sensing applications. Even though a total GR time of 
30 minutes allowed higher number of Au nanostructures to grow on the electrode 
surface, the sensor was found to stop oscillating. This was due to the significant 
increase in the insertion loss that was resulted from the substantial amount of mass 
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loading on the electrode surface after 30 minutes GR reaction in 1 mM HAuCl4 
solution. 
 The sensor with higher amount of Au nanostructures on its electrode surface exhibited 
significantly higher sensitivity toward Hg
0
 vapour as they were allowed to undergo 
significant Hg
0
-Au amalgamation. The 20 min-GR SAW sensor was tested toward the 
Hg
0
 vapour and showed 200% higher sensitivity than its 10 min- counterpart.  
 When the operating temperature of 20 min-GR SAW sensor was increased from 35 to 
75°C, the response magnitudes toward Hg
0
 vapour was found to decrease. However, 
the stability of baseline frequency and the recovery efficiency of the sensor improved 
significantly at the elevated operating temperature. 
 The 20 min-GR SAW sensor showed a faster response time when a higher operating 
temperature was utilised. In fact, one of the significant advantages of the newly 
developed Ni-Au electrode SAW sensor compared to the Au electrode based one was 
observed to be its significantly faster response time. The developed 1 mM- 20 min 
sensor showed a response time of 12 min when exposed toward 365 ppbv of Hg
0
 
vapour at 75°C, which is much lower than that of an Au-electrode based SAW Hg
0
 
vapour sensor presented in Chapter 4 (~22 min). The nanosize Au structures on the 
surface allowed lower extent of diffusion processes than that observed for a 
continuous thin-film electrode. Therefore, the Ni-Au sensitive surface tends to reach 
its saturation relatively faster than a bulk Au film. 
 The sorption calibration curve of the developed 20 min-GR SAW sensor was found to 
fit well with the LRC with high coefficient of determination (R
2
>0.98) at various 
operating temperatures. The sensor exhibited higher sensitivity toward relatively 
lower Hg
0
 vapour concentrations regardless of operating temperatures while the 
sensitivity was found to decrease at elevated operating temperature. 
 Maximum sorption and desorption rate of the sensor was found to increase at elevated 
operating temperature while the sensor also took shorter time to reach its sorption and 
desorption rate peaks at higher operating temperature. This was postulated to be due 
to the higher solid-vapour interaction rate at elevated operating temperature that 
allowed the sensor surface to reach its maximum sorption capacity at a relatively 
shorter time. Furthermore, the sensor surface also reached its maximum desorption 
capacity faster at higher operating temperature due to the relatively higher amount of 
energy possessed at elevated operating temperature. 
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 The higher sensitivity at lower operating temperature was found to affect the LoD of 
the developed sensor (20 min-GR SAW). A LoD of 1.3 ppbv was calculated for the 
developed sensor at an operating temperature of 35°C, which increased to LoD of 
7.3 ppbv at an elevated operating temperature of 75°C. 
 The developed sensor showed selective efficiency of 73.9-97.2% when Hg0 vapour 
(365 ppbv) was tested in the presence of NH3, MeCHO, DMDS, MEK and humidity at 
75°C. However, significant false negative response from the sensor was observed 
when Hg
0
 vapour was exposed with EM (i.e. selectivity efficiency: 47.4%). Further 
tests showed that the selectivity of the sensor in the presence of EM can be increased 
at 85°C and by running the test with an optimised Hg
0
 exposure and recovery times of 
6 and 24 minutes, respectively (i.e. selectivity efficiency: 73.7%).  
Overall, the results indicate that the developed SAW device with the modified electrode 
surface and operating conditions has good prospects to be used as selective, sensitive and fast 
responding Hg
0
 vapour sensor for industrial applications. The modified sensor has advantage 
of much faster response time than an Au-electrode based SAW sensor. However, the 
selectivity of the sensor still needs improvement. The selectivity toward Hg
0
 vapour can 
potentially be improved by using filters or pre-treatment of the gas or by employing 
alternative base metal over nickel.  
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Chapter 8 
 
Chapter VIII:  Conclusions and future 
work 
 
 
 
 
 
 
 
 
 
The summary of work presented in this thesis and the future scope of the work are 
discussed in this chapter.  
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8.1 Summary of work 
The main objective of this PhD research program was to develop SAW devices for sensitive 
and selective detection of low concentrations of Hg
0
 vapour from industrial effluents. During 
the course of this research program, the author successfully developed SAW devices based on 
two distinctly different structural designs and integrated them with noble metals (i.e. Au, Ag) 
as well as nanomaterials, all of which performed well as Hg
0
 vapour sensors in simulated 
industrial conditions. The chosen designs and sensitive materials were based on the rigorous 
literature review that was performed by the author and the research questions that had risen 
from such review. The four major research questions (Chapter 1, Section 1.2) that needed to 
be addressed prior to developing SAW based mercury vapour sensors for industrial 
applications and the approach of the author to these research questions is summarised below: 
 Can the structural design of a SAW device be altered to achieve better Hg0 vapour 
sensing performance? 
The author developed SAW devices with two structural designs and tested them for Hg
0
 
vapour sensing under similar experimental conditions. The designs differed by either 
making the IDT electrodes of the SAW devices from materials that are sensitive toward 
Hg
0
 vapour or by the approach of using a dedicated sensitive layer placed in between 
inert IDT ports to achieve the required sensitivity.  Chapters 4, 5 and 7 of this thesis 
contain the results and discussions regarding Hg
0
 vapour sensing performance of the 
SAW sensors where Au and Ag thin-films as well as Ni-Au alloy based electrodes were 
used as the sensing elements, respectively. For comparison of thin-film designs, the Hg
0
 
sensing performance of the SAW design employing Au and Ag sensitive layers based 
SAW sensor was presented in Chapter 6. For the sensitive layer based SAW devices, Ni 
was utilised as the IDT electrodes as opposed to Al, which is used in previously reported 
sensitive layer based SAW sensors. However, the use of Al is not systematic as Al is 
known to easily dissolve in Hg
0
 (known as liquid-metal embrittlement (LME)) and 
therefore it would affect the sensors’ response and shorten their lifetime. It was found that 
altering the SAW structural design considerably impacted the Hg
0
 sensing performance of 
the device. For example, the Au-electrode based SAW Hg
0
 vapour sensor showed a LoD 
of 0.7 ppbv at 35°C, whereas the Au-sensitive layer based sensor exhibiting a higher LoD 
of 1.4 ppbv even though it had double the Au surface area. However, at an elevated 
operating temperature of 75°C, the LoD of the Au electrode based sensor increased 
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significantly (15 ppbv) and the Au-sensitive layer based SAW sensor had a better LoD of 
5.2 ppbv. 
 
 Can a noble metal other than Au be utilised in SAW device for Hg0 vapour sensing? 
Both Au and Ag thin films were integrated into the SAW device either as IDT electrodes 
or as sensitive layer between inert IDTs in order to assess the performance of the 
prototype devices as Hg
0
 vapour sensors. Au is well known for its high affinity toward 
Hg
0
 and most micro-sensors (including SAW) for Hg
0
 vapour sensing are in fact based on 
Au thin films. On the other hand, Ag is also well known for its strong amalgamation with 
Hg
0
. However, little emphasis has so far been given on the development of Ag based Hg
0
 
vapour sensors. The author therefore compared the Hg
0
 sorption capacity of metals 
known for their high affinity toward Hg
0
 vapour, namely, Pd, Pt, Ag and Au. This was 
performed by employing the each of the four metals as QCM electrodes and by exposing 
them toward Hg
0
 vapour. It was evident from the results that the Ag film had much higher 
sorption capacity than all other metals tested in the study (i.e. Pt, Pd and Au). The results 
encouraged the author to develop and investigate Ag-based SAW devices for Hg
0
 vapour 
sensing for the first time and compare them with the developed Au-based SAW devices. 
It was found that the Ag-based SAW sensor can potentially be used for selective detection 
of Hg
0
 vapour given that the right fabrication procedures (i.e. use of Ti adhesion layer), 
pre-treatment processes and operating conditions are utilised. In fact, the Ag-electrode 
based SAW sensor was found to have a relatively lower detection limit than the Au-
electrode based SAW sensor. The Ag based SAW showed LoD of 0.5 and 7.4 ppbv at 35 
and 75°C, respectively while 0.7 and 15 ppbv was observed for the Au based sensor of the 
same design. The higher Hg
0
 sorption capacity of Ag film was better understood from the 
XPS depth profile analysis where it was found that Hg
0
 atoms have been diffused through 
the whole depth of 100 nm film after few weeks of Hg
0
 vapour sensing experiments. The 
extent of mercury diffusion in Ag film was found to be much deeper than the diffusion 
depth observed for the Au electrode based sensor where mercury only had diffused 
through approximately 30 nm under similar Hg
0
 vapour exposure conditions.   
 Can the Hg0 sensing performance of a SAW based sensor be enhanced by directly 
modifying the IDT electrodes with an ultra-thin film of gold nanostructures? 
For the first time, Au nanostructures were deposited directly on the electrodes of SAW 
devices and employed as Hg
0
 vapour sensors. The metal IDT electrodes were fabricated 
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from a material that was inert toward Hg
0
 vapour (i.e. Ni in this case) before they were 
decorated with Au nanostructures for enhanced sensitivity toward Hg
0
 vapour. Galvanic 
replacement (GR) process was utilised in order to grow the Au nanostructures directly on 
the Ni electrodes of SAW device and it was found that the sensitivity of the sensor can be 
tailored by controlling the reaction time, which is one of the many parameters that can 
potentially be changed. The SAW device that had undergone a 20 minutes GR reaction in 
1 mM HAuCl4 solution was found to have optimum size and Au nanostructures number 
density on the Ni surface while maintaining acceptable insertion loss for the device to 
oscillate. In fact, the 20 min-GR SAW sensor showed up-to ~200% higher sensitivity 
than its 10 min-GR SAW counterpart when exposed toward similar Hg
0
 vapour 
concentrations at 35°C. The developed Ni-Au sensor (20 min-GR SAW) was shown to 
have a lower LoD than the thin film Au-electrode based sensor at an elevated operating 
temperature of 75°C (i.e. 7.3 ppbv compared to 15 ppbv) even though it had a higher LoD 
at 35°C (1.3 ppbv compared to 0.7 ppbv). The Ni-Au sensor also showed relatively faster 
response time than the Au-electrode based sensor regardless of operating temperature (i.e. 
12 minutes compared to 22 minutes when exposed toward 365 ppbv of Hg
0
 vapour at 
75°C).  
 How do the operating temperature and interfering gas species affect the Hg0 sensing 
performance of a SAW based sensor? 
Notably, this is the first time the selectivity performance of SAW based Hg
0
 vapour 
sensors was ever investigated. That is, unlike any other reported study thus far, all the 
developed SAW sensors presented in this thesis were tested for their Hg
0
 vapour sensing 
performance in simulated industrial gas conditions, namely in the presence of some 
common industrial relevant gas species such as NH3, MeCHO, EM, DMDS, MEK and 
humidity. The optimum operating temperature of each sensor for selectivity tests were 
chosen following vigorous investigation of several critical parameters of each sensor (i.e. 
sensitivity, LoD, repeatability, response time, etc.) at different operating temperatures. 
The developed sensors were generally found to show better selectivity at elevated 
operating temperatures (>50°C). For instance, the Au-electrode based sensor showed 
92.4-97.4% selectivity efficiency toward Hg
0
 vapour (365 ppbv) when exposed along with 
the above mentioned interfering gas species at 55°C. However, the same sensor showed 
significant false positive in response magnitudes when Hg
0
 vapour was exposed along 
with humidity content at 35°C. It was also observed that the optimum operating 
151 
 
temperature of each sensor for selective detection of Hg
0
 vapour may vary with sensor 
design/sensing elements. For example, the optimum operating temperature of Ag-
electrode based sensor was found to be 105°C, where the sensor showed 94.9-98.4% 
selectivity efficiency when 365 ppbv of Hg
0
 vapour was exposed with interfering gas 
species. In case of Ni-Au electrode based SAW, the developed sensor showed up-
to 26.1% difference in response magnitudes when Hg
0
 vapour was tested along with NH3, 
MeCHO, DMDS, MEK and humidity at 75°C. However, the sensor was observed to 
produce a significant false positive towards Hg
0
 vapour when exposed in the presence of 
EM (i.e. 52.6% loss in response magnitudes). Further tests showed that the selectivity can 
be increased at 85°C and by running the test with an optimised Hg
0
 exposure and 
recovery time of 6 and 24 minutes (as opposed to 30 and 90 minutes utilised for all other 
tests), respectively. Upon employing these optimise conditions, the sensor showed only 
half the difference of 26.3% in response magnitude yet quite significant when EM was 
exposed with Hg
0
 vapour. This indicates that further work is necessary in order to 
improve the Hg
0
 vapour selectivity of the developed Ni-Au based SAW sensor which 
may involve using filters or pre-treatment of the gas or by employing alternative base 
metal over nickel. Furthermore, the calibration curves of the developed sensors were 
analysed at various operating temperatures for better understanding the Hg-surface 
interactions. It was found that, in most cases loading ratio correlation (LRC) shows well 
fit with sensors’ calibration curves. A FEM analysis was also presented to further explain 
the Hg-surface interaction of a SAW based Hg
0
 vapour sensor. The sensitivity 
characteristics of the sensors were also derived from the LRC equation and in most cases, 
the sensitivity was found to decrease with increasing Hg
0
 vapour concentrations.  
The SAW devices designed and developed during this research program included: 
 Au electrode based SAW Hg0 vapour sensor, 
 Ag electrode based SAW Hg0 vapour sensor, 
 Au-delay line sensitive layer and Ni IDT electrode based SAW Hg0 vapour sensor, 
 Ag-delay line sensitive layer and Ni IDT electrode based SAW Hg0 vapour sensor, 
 Ni IDT electrode based SAW Hg0 vapour sensor modified with Ni-Au alloy 
nanostructures.   
For all developed SAW Hg
0
 vapour sensors presented, several critical investigations and 
analysis have been performed such as: 
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 Choosing the optimum temperature for sensors’ operation, 
 Analysis of sensor sensitive layer’s Hg0 vapour sorption behaviour, 
 Analysis of sensors’ sorption/desorption rate characteristics, 
 Analysis of sensors’ response time, 
 Calculation of limit of detection, 
 Investigation of the sensors’ selectivity toward Hg0 vapour in the presence of 
industrial relevant interfering gas species such as NH3, MeCHO, EM, DMDS, MEK 
and humidity, 
 Electrical and surface characterization of the developed sensors. 
In summary, it was observed that the different design of SAW sensors provide several 
advantages/disadvantages over others, which are summarised in Table 8.1. One sensor 
can be chosen over another based on the type of application where there will be a trade-
off between response time, LoD and recovery of the sensor. For example, the Ag-
electrode based sensor presented in this thesis had the lowest detection limit of 0.5 ppbv at 
35°C, however, possessed a very low recovery efficiency. On the other hand, the Au-
electrode based sensor had an impressive recovery efficiency of 95% at this temperature 
while the LoD (0.7 ppbv) did not vary much from that of the Ag-electrode based SAW 
sensor. In this case, the Au-electrode based sensor may be preferred over Ag-electrode 
due to its significantly higher recovery efficiency. Furthermore, given the small size of 
the developed SAW transducers, it is possibly to use multiple sensor types as one product 
thereby obtaining more accurate Hg
0
 concentration estimations and making it applicable 
to most industrial and environmental conditions. Moreover, the feasibility of the 
developed SAW based sensors was investigated by conducting Hg
0
 sensing tests in 
industrial simulated conditions, which is highly significant in sensor’s practicability view 
and was not addressed in previously reported SAW based Hg
0
 vapour sensors. A general 
trend observed for all the sensors was the improved selectivity of the sensors at higher 
operating temperature. 
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Table 8.1: Summary of the SAW Hg
0
 vapour sensors developed in this PhD program 
Sensor type Response time 
(minutes) 
LoD 
(ppbv) 
Recovery (%) Selectivity efficiency at optimum 
temperature 
(%) 
 35°C 75°C 35°C 75°C 35°C 75°C  
Au electrodes 23 22 0.7 15.0 95 97 92.4-97.4 (55°C) 
Ag electrodes 25 22 0.5 7.4 51 83 94.9-98.4 (105°C) 
Au sensitive 
layer 
22 23 1.4 4.0 56 88 94.2-99.0 (75°C) 
Ag sensitive 
layer 
23 13 1.5 5.4 47 93 89.7-96.9 (75°C) 
Ni-Au 
nanostructure 
electrodes 
19 12 1.3 7.3 84 99 73.7-97.4% (85°C) 
8.2 Conclusions 
The development and investigation of SAW devices for mercury sensing performance 
resulted in several novel outcomes during this PhD program which will add significant 
contribution to the current body of knowledge in the field of SAW based mercury vapour 
sensors. To the author’s best knowledge, this PhD project resulted in the following major 
novelties:  
 The performance of SAW based Hg0 vapour sensors in the presence of industrial 
relevant gases had not yet been reported in the literature by other research groups. 
Such tests however are imperative in order to test the feasibility of any SAW based 
Hg
0
 vapour sensors for real-world applications. In this PhD project, the effect of 
operating temperatures on the SAW Hg
0
 vapour sensors’ performance in terms of 
sensitivity, sorption behaviour, response time and notably, selectivity are investigated 
for the first time. Moreover, finite element method simulations were introduced in 
order to analyse the sorption behaviour of a SAW based Hg
0
 vapour sensor, also for 
the first time in this PhD project. 
 The author developed and investigated for the first time Ag-electrode and Ag-
sensitive layer based SAW sensors for Hg
0
 vapour sensing. It was shown that the 
developed Ag-based sensors can detect very low concentrations of Hg
0
 vapour given 
the right fabrication procedure and experimental conditions are utilised. The Ag-
electrode based SAW sensor investigated in this research program was found to have 
lower LoD than the developed Au-electrode based SAW sensor. 
 For the first time in this PhD project, Au nanostructures were grown on Ni IDT 
electrodes (using galvanic replacement (GR) process) of a SAW device. It was shown 
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that the sensitivity of the sensor can be tailored by controlling, among the different 
potential parameters, the reaction time of GR reaction. Furthermore, this novel sensor 
was found to possess lower LoD than the Au-electrode sensor when operated at a 
higher operating temperature of 75°C while also having faster response time, 
regardless of operating temperature, even though having a lower resonance frequency. 
The response magnitudes of the developed Au nanostructure sensor can be further 
improved by increasing the resonance frequency of the device. However, the increase 
in resonance frequency will also increase the noise magnitude of the sensor. 
Therefore, compensation should be done while choosing the resonance frequency of 
the SAW device. 
 Unlike past studies, the use of Al based IDT electrodes was omitted in this work in 
order to obtain a more systematic and acceptable sensing data. This was important as 
Al is known to have very high solubility in mercury which would affect the IDTs (i.e. 
etching) during the sensing events.  
8.3 Future work 
During the course of this PhD program, the author has come through several research areas of 
interest, which would have tremendous outcomes when up-taken as potential future work. 
These include:  
 Investigation of cross-sensitivity of other interfering gas species such as NOx, CO, 
CO2, H2S on SAW based Hg
0
 vapour sensors is warranted. This test is important for 
determining the feasibility of the sensors in industries that have combustion by 
products. 
 SAW device can be developed by employing Au/Ag simultaneously as IDT electrodes 
and sensitive layer. This approach may potentially increase the sensor’s Hg0 sensing 
capability further and hence a better LoD can be achieved. Moreover, better LoD and 
higher sensitivity toward Hg
0
 vapour can also be enhanced by developing SAW 
devices with higher resonance frequency. 
 The selectivity performance of Ni-Au electrode based SAW sensors can be improved 
by employing a filter that can remove the potential interferent gas species such as EM 
from the gas stream. 
 Ni-Au nanostructures can be grown on the electrodes of higher frequency SAW 
devices in order to enhance their sensitivity toward Hg
0
 vapour. The deposition of Ni-
Au nanostructures on the sensitive layer of a SAW device and its Hg
0
 vapour sensing 
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performance can also lead to interesting results. Moreover, the sensitivity and 
selectivity can be improved by changing GR reaction parameters such as 
concentrations, GR temperature, additives in solution during reaction, etc.  
 The deposition of other type of nanostructures (i.e. Ni-Ag, Au-Ag etc.) on SAW 
electrodes/sensitive layer can also increase the Hg
0
 vapour sensing capability of the 
sensor while reducing the cross-sensitivity effects of interfering gases. Furthermore, 
topological and morphological modifications of Au surface (i.e. nanospikes, 
nanoprisms) were found to enhance the sensitivity of Hg
0
 vapour sensors based QCM 
and resistive sensors. These nanostructures can be integrated on SAW devices in order 
to achieve better Hg
0
 vapour sensing performance. 
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Appendix B 
 
Figure 1: Schematic of the RF amplifier  
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Figure 2: Comparison of electromagnetic feedthrough of test jig and Hg chamber. 
 
Figure 3: Comparison of a SAW sensor’s frequency response when mounted in test jig and 
Hg chamber 
a)
b)
a)
b)
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Appendix C 
 
 
Figure 1: Baseline noise profiles of the sensor while operating at 45°C and 55°C 
 
 
Figure 2: Sensor’s response towards 365 ppbv of Hg
0
 vapour with and without humidity 
when operating at 35°C 
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Appendix D 
 
Figure 1: AFM images show the roughness of the Ag-surface a) before and b) after three 
weeks Hg
0
 vapor exposure period. Scan size is 1 µm in both axes. 
  
a) b)
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Appendix E 
 
Figure 1: AFM images showing the roughness of the SAW devices’ electrodes for a) 0 min 
GR reaction (control Ni surface); b) 10 min GR in 1 mM HAuCl4 solution c) 20 min GR in 
0.5 mM HAuCl4 solution and d) 20 min and e) 30 min GR in 1 mM HAuCl4 solution. All 
axes represent 1 µm scale. 
Rq= 1.096 nm, Ra=0.776 nm Rq= 23.699 nm, Ra=18.917 nm Rq= 3.562 nm, Ra=2.691 nm
a) b) c)
d)
Y
Y
X X X
X X
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